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Application of: Habeneretal. I Examiner. MA, Belyavskyi 
Serial No.: 09/963,875 

Filed: September 26, 200 1 Group Art 1 644 

Unit: 

Titled: Stem Cells of the Islets of Langerhans 

and Their Use In Treating Diabetes Conf.No.: 9674 
_____ Mellitus 



DECLARATION UNDER 37 CFR 1.131 BY JOEL F. HABENER, M.D 

I declare; 

1. I, Joel F* Habener hold an M.D. degree from the University of California, Los Angeles. I 
received my M.D. degree in 1965, My current positions are Investigator, Howard Hughes 
Medical Institute at the Massachusetts General Hospital, Associate Physician at the 
Massachusetts General Hospital and Professor of Medicine at Harvard Medical School. I have 
held the position of Howard Hughes Investigator since 1 976. I have held the position of 
Associate Physician since 1989. I have held the position of Professor of Medicine at Harvard 
Medical School since 1 989. Previously, I held the position of Associate Professor of Medicine at 
Harvard Medical School from 1975-1988. I am an inventor of the above-referenced patent 
application. 

2. 1 have read the Office Action dated December 23, 2003, filed in the above-referenced 
patent application and understand that the Examiner has rejected claims 39-43 and 74 for alleged 
lack of novelty in view of Zulewski et al. March 2001, Diabetes, 50:521 . The Examiner has 




stated at page 4 of the Office Action that "Zulewski et al. teach an isolated nestin-positive 
human pancreatic stem cell[s] that are not a neural stem cell[s] that can differentiate to form 
insulin-producing cells . . . [w]hile Zulewski et al, do not specifically teach that these cells are 
GLP-1R positive cells, said cells would inherently be GLP-lR-positive cells, since the cell 
population taught by Zulewski et al. is identical to that claimed in the instant application." 

3. I initially conceived of the idea that GLP-1 would stimulate neogenesis of beta cells in 
June, 1986, This idea was the basis for California Biotechixoloy Inc.'s (Cal Biochem) 
establishment of a subsidiary company called Metabolic Biosystems, Inc. (Meta Bio Inc.) for 
which I served as a consultant for several years (see Exhibit C). 

4. In about 1996 my laboratory began to investigate the idea that GLP-1 stimulated neogenesis of 
beta cells. By July 1997, my laboratory had demonstrated that GLP-1 stimulates the neogenesis 
of pancreatic beta cells (see Exhibit C). 

5* The concept of GLP-1 stimulation of neogenesis of beta cells was discussed with Doris 
Staffers and Josephine Egan at the International Congress of Endocrinology/ADA meetings in 
San Francisco in June 1 996 (see Exhibit C). 

6. My laboratory began mouse and rat experiments to address whether GLP-1 stimulated 
neogenesis of beta cells at the time of the ADA meeting in Boston in June 1997. These 
experiments are described in an NIH grant application filed on February 27, 1997 (see Exhibit D) 
and in an invention disclosure submitted to MGH CSRL on October 28, 1997 (see Exhibit £)♦ 
Attached herein are laboratory notes from my Senior Technician, Heather Hermann, from July 
1987, that document experiments addressing stimulation of growth of beta cells in vitro with 
GLP-1 (See Exhibit F). 
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7. The idea that GLP- 1 stimulated the differentiation of new beta cells was premised on the 
concept that the progenitor cells expressed GLP-1 receptors. 

I hereby declare that all statements made herein of our own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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DECLARATION UNDER 37 CFR 1.132 BY JOEL F. HABENER, M.D. 



I declare: 



1. I, Joel F. Habener hold an M.D. degree from the University of California, Los Angeles. I 
received my M.D. degree in 1965. My current positions are Investigator, Howard Hughes 
Medical Institute at the Massachusetts General Hospital, Associate Physician at the 
Massachusetts General Hospital and Professor of Medicine at Harvard Medical School. I have 
held the position of Howard Hughes Investigator since 1976. I have held the position of 
Associate Physician since 1989. I have held the position of Professor of Medicine at Harvard 
Medical School since 1989. Previously, I held the position of Associate Professor of Medicine at 
Harvard Medical School from 1975-1988. I am an inventor of the above-referenced patent 
application. 

2. I have read the Office Action dated December 23, 2003, filed in the above-referenced 
patent application. 

3. My laboratory has developed a method for isolating a stem cell from a pancreatic islet of 



Langerhans that includes the steps of: (a) removing a pancreatic islet from a donor, (b) removing 
cells from said pancreatic islet wherein said islet comprises a plurality of cell types comprising 
stem cells; and (c) separating said stem cells from said plurality of cells. 

4. Isolated human pancreatic islets were obtained through the JDRF Human Islet 
Distribution Program from the following centers: The Joslin Diabetes Center, Boston, the 
Northwest Tissue Center Islet and Cell Processing Laboratory, Seattle, and the Islet Distribution 
Center at the Diabetes Research Institute, Miami. Culture conditions were as follows. Single cell 
suspensions of Human pancreatic islet preparations were made by digestion with 5mg/ml Trypsin 
in PBS at 37°C and passage through a glass pipette. Viable cells were counted by Trypan Blue 
exclusion and seeded at 10,000 cells/cm 2 on tissue culture treated plastic dishes (Coming, 
Coming, NY). In initial experiments cell expansion was done in RPMI 1640 (1 1 mmol/1 
Glucose) (Invitrogen, Carlsbad, CA) with 10 mmol/1 Hepes buffer, 1 mmol/1 sodium pyruvate, 
10% fetal bovine serum (FBS; Omega Scientific, Tarzana, CA), 25ng/ml EGF, 20ng/ml bFGF 
and lx penicillin/streptomycin. In later experiments CMRL 1066 medium (5.5 mmol/1 Glucose) 
with 10% FBS, lx penicillin/streptomycin, lOOng/ml beta nerve growth factor (P-NGF; R&D 
Systems, Minneapolis, MN), and 25ng/ml EGF was used. 24 to 48 hours after seeding, dead 
cells were removed by a media change and one wash with PBS. Thereafter, cells were expanded 
for 10-14 days until they reached confluence and medium was changed every 3 days. 

According to this protocol, upon culture initiation only a few cells (less than 10%) 
attached to the dish and began to proliferate whereas the majority of cells did not attach to the 
dish and were washed off and discarded with the subsequent 2-3 changes of the culture media. 
Over 10-14 days of culture, the cells reached confluency. At this time, the levels of insulin 
mRNA in the cultured cells had markedly decreased compared to that of initial islets. 

Immunostaining revealed only an occasional insulin-positive cell within the monolayer of 
expanded cells. 
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The resulting expansion cultures of progenitor cells contain at least two phenotypically 
distinct cell types, those that express nestin and vimentin and those that express epithelial 
markers cytokeratin 19 and E-cadherin, as detected by immunofluorescent staining as described 
below. 

Expansion phase cells were grown on tissue culture treated plastic slides (Nalge Nunc, 
Naperville, IL). For immunostaining cells were fixed with PBS/4% paraformaldehyde for 10 
minutes at room temperature (RT). Slides were blocked with normal donkey serum in 
PBS/0. l%Triton for 1 hour at RT, incubated with primary antibodies over night at 4°C, washed, 
incubated with Cy2/Cy3 labeled secondary antibodies for 1 hour at RT, washed again and 
mounted. In vitro generated cell clusters were embedded in a fibrin clot prior to fixation. Clotting 
was achieved by mixing solutions of human fibrinogen (80 mg/ml in PBS, Sigma, St. Louis, 
MO) and human thrombin (50 units/ml in 40 mmol/1 CaC^, Sigma). Clots were fixed in 10% 
buffered formalin, dehydrated, embedded in paraffin and cut into 4(am sections. Sections were 
dewaxed in xylene, hydrated, boiled for 10 minutes in a microwave oven in 10mmol/l sodium 
citrate, pH 6 for antigen retrieval and stained as described above. Nuclei were counterstained 
with DAPL Antibodies used were guinea pig anti-insulin (1 :2,000), guinea pig anti-glucagon 
(1:2,000), rabbit anti-somatostatin (1:2,000), and guinea pig anti-pancreatic polypeptide (1:2,000; 
all from Linco, St. Charles, MS), rabbit anti human nestin (1:200, Chemicon, Temecula, CA), 
mouse anti vimentin (1:100, Signet, Dedham, MA) mouse anti smooth muscle actin (1:100, 
Sigma), mouse anti cytokeratin 19 (1:100, Sigma), mouse anti keratin (1:100, Chemicon), mouse 
anti desmin (1:100, Sigma). 

Immunostaining revealed that expansion cultures consisted of two major types of cells: E- 
cadherin/cytokeratin 19 (CK19) positive epithelial cells growing in patches and vimentin/nestin- 
positive spindle-shaped cells growing separately from each other. Many of the spindle-shaped 
cells also co-expressed smooth muscle actin. Occasional cells with epithelial characteristics (E- 
cadherin and CK19-positive) also stained positive for nestin (See Figure 1A-F, attached). 

The two major populations of cells are easily separated based on differences in their 
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morphologies. The nestin/vimentin positive spindle shaped fibroblatoid cells are markedly 
different from that of the E-cadherin/CK19 positive flat, cuboidal epithelial-like cells that are in 
patches. Under regular or phase contrast light microscopy, using low power, nestin/vimentin 
positive cells that are clearly separated from the E-cadherin/CK19 cells which are in distinct 
patches are selected. In certain embodiments, the nestin/vimentin positive cells are "cloned" by 
replating them and expanding them, multiple times. 

The majority of the spindle shaped cells are nestin and vimentin positive as demonstrated 
by repeated immunohistochemical staining of expansion phase cultures. 

Expansion phase cells were grown on tissue culture treated plastic slides (Nalge Nunc, 
Naperville, DL). For immunostaining cells were fixed with PBS/4% paraformaldehyde for 10 
minutes at room temperature (RT). Slides were blocked with normal donkey serum in 
PBS/0. l%Triton for 1 hour at RT, incubated with primary antibodies over night at 4°C, washed, 
incubated with Cy2/Cy3 labeled secondary antibodies for 1 hour at RT, washed again and 
mounted. In vitro generated cell clusters were embedded in a fibrin clot prior to fixation. Clotting 
was achieved by mixing solutions of human fibrinogen (80 mg/ml in PBS, Sigma, St. Louis, 
MO) and human thrombin (50 units/ml in 40 mmol/1 CaCl 2 , Sigma). Clots were fixed in 10% 
buffered formalin, dehydrated, embedded in paraffin and cut into 4^im sections. Sections were 
dewaxed in xylene, hydrated, boiled for 10 minutes in a microwave oven in 10mmol/l sodium 
citrate, pH 6 for antigen retrieval and stained as described above. Nuclei were counterstained 
with DAPI. 

Antibodies used were guinea pig anti-insulin (1 :2,000), guinea pig anti-glucagon 
(1:2,000), rabbit anti-somatostatin (1:2,000), and guinea pig anti-pancreatic polypeptide (1:2,000; 
all from Linco, St. Charles, MS), rabbit anti human nestin (1:200, Chemicon, Temecula, CA), 
mouse anti vimentin (1:100, Signet, Dedham, MA) mouse anti smooth muscle actin (1:100, 
Sigma), mouse anti cytokeratin 19 (1:100, Sigma), mouse anti keratin (1:100, Chemicon), mouse 
anti desmin (1:100, Sigma). 

5. In view of the following, I believe that 0.2 to 5% of the cells of the pancreas are nestin- 
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positive cells. 



To estimate the number of nestin-positive cells in a pancreas my laboratory overlayed a 
transparent grid over Figures ID and 6C of Zulewski, H., Abraham, EJ, Gerlach, MJ, Daniel, PB, 
Moritz, W., Muller, B., Vallejo, M., Thomas, MK, and Habener, JF, Diabetes . 2001, 50:521-533, 
counted the nestin positive cells (yellow) and divided by the total number of DAPI positve cells 
(blue). Using this methodology we calculated that approximately 10% of the cells are nestin 
positive. However, these figures depict highly selected fields chosen to maximize the number of 
nestin-positive cells in the figures. The section of the islet shown in Figure ID has 25 nestin 
positive cells. Since some islets have one or two nestin positive cells while other islets have as 
many as 10-20 nestin positive cells, I estimate that the number of nestin-positive cells in the 
islets is an average of 5-10 cells or 2-4%, on average. Nestin- positive cells tend to gather in 
islets and around ducts. Since only 2-3% of the cells of the entire pancreas are islet and ducts, I 
estimate that based on the results of the above analysis, 0.2 to 0.4% of the total cells of the 
pancreas are nestin positive. 

To estimate the number of nestin-positive cells in the pancreas my laboratory performed 
immunocytochemistries on pancreas sections (nestin antiserum diluted 1:500). The number of 
nestin-positive cells in four fields containing non-islet cells is 26 of 461 D API-stained nuclei 
(5.6%), 23 of 442 DAPI-stained nuclei (5.2%), 14 of 408 DAPI-stained nuclei (3.4%) and 12 of 
428 DAPI-stained nuclei (2.8%). The contribution of nestin-positive cells from the non-islet 
cells of the pancreas is therefore 4 .25%, the average value for these four fields. The number of 
nestin-positive cells in four fields 
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containing only islets (insulin staining was used to identify the islet borders) is 19 of 375 DAPI- 
stained nuclei (5.1%), 21 of 234 DAPI-stained nuclei (9.0%), 15 of 243 DAPI-stained nuclei 
(6.1%) and 6 of 1 32 DAPI-stained nuclei (4.58%). The average value for these four fields is 
6.2%. The islets make up approximately 2% of the total pancreas tissue. The contribution of 
nestin positive cells from the islets is 2% of 6.2% or 0.124%. In view of the above, the total 
number of nestin-positive cells, as determined by the irnmunocytochemical method, described 
above, is approximately 4.4%. 

It is my belief that in view of the above, one of skill in the art would accept that the 
percentage of nestin-postive cells in the pancreas is in the range of 0.2 to 5%, as determined by 
the two independent methods described hereinabove. 

I hereby declare that all statements made herein of our own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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Insulinotropic Hormone Glucagon-Like Peptide-1 
Differentiation of Human Pancreatic Islet-Derived 
Progenitor Cells into Insulin-Producing Cells 

ELIZABETH J. ABRAHAM, COLIN A. LEECH, JULIA C. LIN, HENRYK ZULEWSKI and 
JOEL F. HABENER 

Laboratory of Molecular Endocrinology, Massachusetts General Hospital, Howard Hughes Medical Institute, Harvard 
Medical School, Boston, Massachusetts 02114 



Glucagon -like peptide- 1 (GLP-1) is an Intestinal incretin hor- 
mone, derived from the processing of pro glue agon, that exerts 
insulinotropic actions on insulin-producing pancreatic islet 
/3-cells. Recently GLP-1 was shown to stimulate the growth 
and differentiation (neogenesis) of 0-cells and appears to do 
so by inducing the expression of the homeodomain protein 
IDX-1 (islet duodenum homeobox-1; also known as PDX-1, pan- 
creatic and duodenal homeobox gene; and as EPF-1, insulin 
promoter factor), which is required for pancreas development 
and the expression of /3-cell-specific genes. Earlier we identi- 
fied multipotential progenitor cells in the islet and ducts of 
the pancreas, termed nestin -positive islet-derived progenitor 
cells (NIPs). Here we report the expression of functional 
GLP-1 receptors on NIPs and that GLP-1 stimulates the dif- 



ferentiation of NIPs into insulin-producing cells. Further- 
more, confluent NIP cultures express the proglucagon gene 
and secrete GLP-1. These findings suggest a model of islet 
development in which pancreatic progenitor cells express 
both GLP-1 receptors and proglucagon with the formation 
of GLP-1. Locally produced GLP-1 may act as an autocrine/ 
paracrine developmental morphogen on receptors on NIPs, 
resultingin the activation of IDX-1 and the expression of the 
proinsulin gene conferring a 0-cell phenotype. GLP-1 may 
be an important morphogen both for the embryonic devel- 
opment of the pancreas and for the neogenesis of 0-cells 
in the islets of the adult pancreas. (Endocrinology 143: 
3152-3161, 2002) 



THE PREVALENCE of diabetes mellitus is increasing 
throughout the world. Diabetes is caused to a large 
extent by a reduction in the fully functioning mass of insulin- 
producing /3-cells that reside within the islets of Langerhans 
in the pancreas. As a consequent of a reduced mass of pan- 
creatic /3-cells, the amounts of insulin produced are insuffi- 
cient to meet the body's needs, and hyperglycemia ensues (1, 
2). Although recent studies indicate that islet transplantation 
may be a cure for diabetes (3), the availability of pancreata 
as a source for islet transplantation is severely limited. There- 
fore, it will be necessary to develop alternative sources of 
islet tissue. One such source may be progenitor cells that 
can be expanded ex vivo, differentiated into islet tissue, and 
transplanted. . 

The glucagon gene encodes a multifunctional proglucagon 
that is differentially processed by prohormone convertases 1 
and 2 in the pancreas and the intestine. In the a-cells of the 
pancreas, the major product of proglucagon processing is 
glucagon, although small amounts of glucagon-like pep- 
tide-1 (GLP-1) are produced, whereas in intestinal L cells the 
major proglucagon-derived .products are GLP-1 and GLP-2 
(4, 5). However, in streptozotocin-induced diabetic rats there 
is a robust increase in pancreatic prohormone convertases 1 
and 2, resulting in a 2-fold increase in the ratio of amidated 
GLP-1 to total glucagon immunoreactivity (6), indicating that 

Abbreviations: bFGF, Basic fibroblast growth factor; [Ca 2 *]^ intra- 
cellular calcium; EGF, epidermal growth factor; GLP-1, glucagon-like 
peptide-1; GLP-1 R, GLP-1 receptor; INS-LUC, insulin promoter- 
lucif erase construct; IPF-1, insulin promoter factor-1; NIP, nestin- 
positive islet-derived progenitor cell. 



GLP-1 may play a role in regeneration of )3-cell mass in a 
diabetic animal model. GLP-1 binds to specific G protein- 
coupled receptors on pancreatic /3-cells to stimulate insulin 
secretion via cAMP-dependent pathways (4, 5). When ad- 
ministered to diabetic mice, GLP-1 lowers blood glucose 
levels and stimulates insulin secretion (7-10). In addition, 
GLP-1 increases j3-cell mass by inducing the differentiation 
and neogenesis of ductal progenitor cells into islet endocrine 
cells (8 -12). The antidiabetogenic potential of GLP-1 is cur- 
rently under investigation and shows promise as a thera- 
peutic agent in the treatment of type 2 diabetes (13). 

Recently, we identified a distinct population of cells in 
pancreatic islets and ducts that expresses nestin (14). These 
nestin-positive islet-derived progenitor cells (NIPs), isolated 
from adult pancreatic islets, can differentiate in culture into 
cells with pancreatic exocrine, endocrine, and hepatic pheno- - 
types. We hypothesized that GLP-1 receptors (GLP-1R) must 
be present on NIPs and that binding of GLP-1 to its receptors 
on these cells results in activation of the transcription factor 
IDX-1, a master regulator of endocrine pancreas develop- 
ment (15, 16). IDX-1 then activates the expression of the 
insulin gene, resulting in a /3-cell phenotype (8, 12). 

Here we show the expression of GLP-1 receptors on NIPs 
and that GLP-1 functionally activates NIPs by virtue of their 
depolarization and resultant increase in intracellular cal- 
cium. Notably, the activation of NIPs by GLP-1 is paradox- 
ically inhibited in conditions of high (20 him) ambient glu- 
cose concentrations, unlike the direct glucose-dependent 
activation of /3-cells by GLP-1. Further, we show that GLP-1 
stimulates the differentiation of NIPs into a pancreatic en- 
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docrine phenotype that expresses the homeodomain protein 
IDX-1 and the hormones insulin, glucagon, and GLP-1. 



Materials and Methods 

Reagents 

GLP-l-(7-36)amide was obtained from Sigma (St. Louis, MO). Basic 
fibroblast growth factor (bFGF), epidermal growth factor (EGF), leuke- 
mia inhibitory factor were obtained from Sigma and Chemicon Inter- 
national (Temecula, CA), respectively. B-27 supplement was obtained 
from Life Technologies, Inc. (Gaithersburg, MD). 

Isolation and culture of NIPs 

Human islet tissue was obtained from the Juvenile Diabetes Research 
Foundation Center for Islet Transplantation, Harvard Medical School 
(Boston, MA), and the Diabetes Research Institute, University of Miami 
School of Medicine (Miami, FL). NIPs were isolated as described pre- 
viously (14). Briefly, islets were washed and cultured in RPMI 1640 
medium containing serum, 11.1 mM glucose, antibiotics, sodium pyru- 
vate, j3-mercaptoethanol, and growth factors. Within several days, nes- 
tin-positive cells grew out from islets. These cells were cloned and 
expanded in medium containing 20 ng/ml each of bFGF and EGF. In 
some instances, long-term passaged cells were maintained in 1000 U 
recombinant human leukemia inhibitory factor. For differentiation, NIPs 
were incubated with GLP-1 in the absence of serum, and fresh GLP-1 
was added every 48 h without changing the medium. In some experi- 
ments differentiation was achieved by culturing NIPs in cell culture 
medium containing B-27 [DMEM/F-12 (1:1), B-27, bFGF, EGF, and an- 
tibiotics] as described by Toma et al (17) for the culture of skin-derived 
precursors and for the differentiation of mouse embryonic stem cells 
<18). Similar to the skin precursors (17), NIPs cultured in B-27 medium 
generated spherical dusters of cells that were collected, centrifuged, and 
replated onto lamirrin-coated 48-well plates [BD Biosciences; Bedford, 
MA] and cultured in the B-27-supplemented medium now containing 10 
nM GLP-1 and no other added growth factors, i.e. bFGF and EGF were 
absent. 

Antibodies 

We used rabbit polyclonal antisera to rat IDX-1 (14) and rat GLP-1 
receptor (19), which cross-reacts with its human counterpart. The rabbit 
antihuman nestin was a gift from Dr. C. Messam (NINDS, NIH, 
Bethesda, MD). Guinea pig antiinsulin and antiglucagon sera were 
obtained from Linco Research, Inc. (St Charles, MO). Cy-3- and 
Cy-2-labeled secondary antisera were purchased from Jackson Irnmuno- 
Research Laboratories, Inc. (West Grove, PA). 

Immunocytochemistry 

Cells cultured on Lab-Tek chamber slides (Nunc, Naperville, IL) or 
gridded coverslips.(Bellco Glass, Inc., Vineland, NJ) were fixed with 4% 
paraformaldehyde in PBS for 10 min at room temperature. After several 
rinses in PBS, cells were permeabilized with methanol/ Triton-X in some 
instances, blocked with normal donkey serum for 30 min, and incubated 
with primary antiserum or preimmune sermum at 4 C. The following 
day, cells were rinsed with PBS and incubated with secondary antisera 
(donkey antirabbit and donkey antiguinea pig) labeled with Cy-3 or 
Cy-2 for 1 h at room temperature. After several washes, coverslips 
containing cells were mounted onto slides in mounting medium (Vector 
Laboratories, Inc., Burlingame, CA). Fluorescence images were obtained 
using a Carl Zeiss (New York, NY) epifluorescence microscope equipped 
with an Optronics TEC-470 CCD camera (Optronics Engineering, 
Goleta, CA) interfaced with a Powermac 7100. IP lab Spectrum software' 
(Signal Analytics, Vienna, VA) was used to acquire and analyze images. 

RT-PCR 

Total cellular RNA prepared from NIP cultures or human islets were 
reverse transcribed and amplified by PCR for 40-45 cycles as described 
previously (20). Oligonucleotides for the PCR were as follows: human 
GLP-1 receptor: forward, 5'-gtgtggcggccaattactac-3'; reverse, 5'-cttg- 



gcaagtctgcatttga-3'; and human glucagon: forward, 5'-atctggactccag- 
gcgtgcc-3'; reverse, 5'-agcaatggatfccttggcag-3'. An RT-negative control 
was run for most samples. PCR cycling for glucagon was at 94 C for 1 
min, followed by 94 C for 10 sec, 56. C for 10 sec, and 72 C for 1 min (40 
cycles), followed by 72 C for 2 min. A hot start PCR was performed for 
human GLP-1 receptor (GLP-1R) as follows: 94.5 C for 5 min, followed 
by addition of Taqpolymerase and subsequent cycling at 94 C for 10 sec 
54 C for 10 sec, and 72 C for 10 sec (45 cycles). Primer extension at 72 
C was performed for an additional 2 min. 

Intracellular calcium ([Ca 2+ Ji) measurements 

NIPs plated on gridded coverslips were loaded with fuxa-2 by incu- 
bation in standard extracellular saline (138 mM NaCl, 5.6 mM KC1, 2.6 
mM CaCl 2 , 1.2 mM Mgd 2 , and 10 mM HEPES) containing 5.6 mM glucose 
and supplemented with 2% fetal bovine serum, 0.01% pluronic F-127 
and 5 fXM fura-2/AM. Cells were loaded for 90 min at room temperature^ 
washed with standard extracellular saline, and then transferred to a 
Peltier temperature-controlled stage at 32 C. Human serum albumin 
(0.05%) was added as a carrier .protein during experiments with GLP- 
l-(7-36)amide and Exendin-(9-39), a specific antagonist of GLP-1. Cal- 
cium measurements were taken at 0.25 Hz using an IonOptix (Milton, 
MA) imaging system. The grid location was noted, and fluorescence 
images of the cells were recorded for subsequent identification of the 
cells for immunohistochemical staining. The solution in the recording 
chamber was exchanged by a gravity-fed perfusion system. 

RIA 

Insulin levels in culture media were measured by an ultrasensitive 
RIA kit purchased from Linco Research, Inc. and Diagnostic Products 
(Los Angeles, CA). The detection level for the insulin assay was 8 pg /ml. 
GLP-1 levels in culture media were measured by a GLP-l-specific RIA 
that uses rabbit antiserum raised against the C terminus of GLP-l-(7- 
36)amide and does not cross-react with glucagon or proglucagon. 

Transfections 

A fragment of the rat insulin I gene promoter that spans nucleotides 
-410 to 49 bp was fused to the coding sequence of luciferase in the pxp2 
basic vector to generate the insulin promoter-lucif erase construct (INS- 
LUC) (21). The human insulin promoter factor-1 (IPF-1) cDNA was a gift 
from Henk-Jan Anstoot (Sophia Children's Hospital, Rotterdam, The 
Netherlands). This cDNA was transferred to a cytomegalovirus 5 pro- 
moter vector in our laboratory (22). The rat IDX cDNA was cloned 
previously in our laboratory (23). Adherent NIP cultures plated in 12- 
well dishes were transfected with 0.6 /ig rat INS-LUC and/or 0.125 /ug 
rat IDX-1 cDNA/well for 5 h in serum-free culture medium using 
Upofectamine 2000 (2.5 Ml/well; Life Technologies, Inc.). A filler plas- 
mid DNA was used to bring the DNA concentration to 1 '/ig/wdL Then, 
cells were exposed to test substances in medium supplemented with 10% 
serum. After 20-24 h, cells were lysed, and luciferase activity was mea- 
sured using a luciferase assay kit (Promega Corp., Madison, WI) in a 
luminometer (Wallac, Inc., Gaithersburg, MD). These experiments were 
earned out in duplicate wells and repeated at least three times. In other 
instances, NIP cultures were plated onto 4-well Lab-Tek chamber slides 
and transfected with human IPF-1 cDNA (0.2 jug/well) using Gene- 
porter (Life Technologies, Inc.). The following day, transfected cells were 
mcubated with GLP-1 (1-10 nM) in serum-supplemented medium. After 
3-4 d, cells were fixed with 4% paraformaldehyde and subjected to 
immunostaiiung for IDX-1 and insulin. 

Western immunoblot 

^ NIP cultures plated in 10-cm dishes were either transfected with 
human IPF-1 cDNA using Geneporter or were left untransfected. These 
cells were subsequently treated with or without 10 nM GLP-1 in serum- 
supplemented medium for 3-4 d. Then, nuclear extracts were prepared 
according to the Schreiber method (24), and equal amounts of proteins 
(20 ^g) were loaded and electrophoresed on premade NuPAGE 
(Invitrogen, Carlsbad, CA) gels according to the manufacturer's recom- 
mendations. The proteins were transferred onto a nitrocellulose mem- 
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brane and subjected to an IPF-1 immunoblot procedure as described 
previously (23). 

Results 

GLP-1 receptor expression in NIPs 

We examined human NIPs for the presence of GLP-1R by 
immunocytochemistry. Receptor irnmunoreactivity was de- 
tected in the majority of NIPs (>60%; Fig. 1A). To further 
confirm the immunocytochemical identification of GLP-1R 
in NIPs, we performed an RT-PCR of GLP-1 receptor mRNA 
prepared from. NIP cells and detected the product of the 
correct size (346 bp) for the GLP-1R (Fig. IB). Clonal variation 
in the relative amounts of GLP-1R mRNA between lines was 
seen; receptor expression was lower in some NIP clones than 
others (see clone 9 us. 2 in Fig. IB), but was undetectable in 
. only a minority of clones. The expression of GLP-1 receptors 
in NIPs indicates the potential for GLP-1 -media ted regula- 
tion of islet progenitor cell differentiation by GLP-1. 

Functional GLP-1 receptor signaling in NIPs 

The application of GLP-1 -(7-36)amide to single isolated 
NIPs elevates [Ca 2 "*^. Cells were plated onto gridded cov- 
erslips to permit subsequent immunohistochemical staining 
of the same cells to test for nestin expression. All cells ex- 
amined that increased [Ca 2+ ]i in response to GLP-1 were 
nestin positive. In contrast to (3-cells prepared from adult 
human islets, in human NIPs, GLP-1 stimulated [Ca 2+ ]j at 
basal (5.6 mM; n = 45' cells) glucose, but had no effect on 
[Ca 2+ ]i in the presence of high (20 mM) glucose (Fig. 2A). , 
These glucose-related effects on [Ca 2 *^ responses in NIPs ' 
were reproduced by forskolin (Fig. 2B), suggesting that the 
effects of GLP-1 on NIPs are mediated via the activation of 
G s and cAMP production, the same signaling pathway used 
by GLP-1 in adult islet-derived /3-cells. However, the glucose 
dependence of GLP-1 in NIPs differs strikingly from that in 
adult /3-cells, inasmuch as in adult j3-cells the actions of 
GLP-1 are markedly directly dependent on glucose concen- 
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trations (25, 26). These findings suggest that the coupling of 
glucose signaling with cAMP signaling (25) in NIP progen- 
itor cells is different from that in adult islet-derived j3-cells. 
The pretreatrnent of single isolated NIPs with the peptide 
exendin-(9-39) / a specific antagonist of GLP-1, prevents the 
increase in [Ca 2 ^ mediated by GLP-1 (Fig. 2, C and D). These 
inhibitory effects of the GLP-1R antagonist exendin-(9-39) on 
[Ca 2+ ] i responses suggest that the same isoform of GLP-1R is 
expressed in MPs as that expressed in /3-cells. The increase in 
[Ca + ]i mediated by GLP-1 on NIPs was inhibited by extra- 
ellular La 3+ (5 /im), indicating that GLP-1 is activating [Ca 2 ^ 
influx, consistent with its known role to depolarize j3-cells 
(Fig. 2E). We demonstrate further that tolbutamide (100 jum) 
stimulates the [Ca 2- ^ elevation in NIPs, indicating that NIPs 
must also express ATP-sensitive K + channels (Fig. 2F). These 
findings suggest that GLP-1 induces membrane depolarization 
and activation of voltage-dependent Ca 2+ channels in NIPs, 
consistent with its known mechanism of action in /3-cells. How- 
ever, unlike its known actions in /3-cells, the activation of ion 
channels in NIPs is inhibited by high (20 mM) glucose. 

GLP-1 induces differentiation of NIPs into 
insulin-secreting cells 

Previous studies demonstrated the insulinotropic actions 
of GLP-1 as well as its ability to stimulate /3-cell neogenesis 
in partial pancreatectomized rats (9). Therefore, we deter- 
mined whether GLP-1 would induce differentiation of 
human NIPs into insulin-secreting cells. As described pre- 
viously (14), human islets were cultured in medium con- 
taining bFGF and EGF for 14 d. The majority of islets became 
degranulated, and a monolayer of cells grew out from them. 
Immunocytochemical analysis of such islet cultures showed 
that the outgrowing cells were mostly all nestin positive and 
insulin negative; just a few cells in the monolayer expressed 
insulin (Fig. 3A). NIPs were picked from these cultures and 
expanded in growth factor-supplemented medium (passage 
1) for 3 d as described previously (14). In certain instances 




Fig. 1. Expression of GLP-1R on pancreatic islet- 
derived stem/progenitor cells. A, NIPs (passages 
6-8) plated on gridded coverslips were fixed and 
. subjected to immunocytochemical detection with 
antiserum to GLP-1R (a-GLP-lR) (Cy-3, rendered 
intense white on modifed photomicrograph) or a 
preimmune serum control. Note the punctate flu- 
orescence on the surface of the cell, typical of re- 
ceptor aggregation. B, RT-PCR of RNA prepared 
from different clones of NIPs (passages 4-8) using 
oligonucleotide amplimers to human GLP-1R give 
the predicted 346-bp product, which was confirmed 
by Southern blotting. Human islet tissue was used 
as the positive control. 
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^ 2 - GLP*l.(7-36)amide and tolbutamide stimulate [Ca 2 ^ influx in NIPs. A, Fura-2-loaded cells bathed in 5.6 mM glucose show an increase 
in the [Ca 2 "^ response to 10 nM GLP-1. Increasing extracellular glucose to 20 mM (20 G) also caused an increLlin w T ™ re f aSe 
of GLP-1 in 20 mM glucose failed to produce an additional [Ca 2+ j i response. A third application of GLF 1 on rlZ n J « J"i a PP hc / tlon 
a [C^ response. These effects of GLP-1 on [Ca^ were obserVedm 45 differ^ 
reproduced by 10 mMforskolin, suggesting that the [Ca 2+ 3 i elevation is mediated by theSS w 

^ " V 1 presence of the GLP-1 receptor antagonist exendin-(9-39) failed to produce a resnonse. wIiptpa r e^haa n ^ a ^J^u^*^^r^^ 




CA wav C uuiai , a^. iuiuuiwr 01 miiux, suggesting mat stimulates Ca rf-r influx. F, NIPs bathed in 1 

with 100 mM tolbutamide (Tolbut.) and responded to repeated applications of tolbutamide with increases in [Ca**]. Application of lOnM^GLP T 
also stimulated an mcrease in [Ca 2+ L, suggesting that GLP-1 acts by depolarizing the cell* qhn«™ i~ « r Appjlcauo f °j 1U W-F-l 

from single NIPs (clone 006a) that respond to the aWmentoed tStlS^S ™ each panel are representative recordings 



NIPs that were expanded for 3-5 d spontaneously expressed 
insulin. We find that at this stage of passage (30-40 cells/ 
dish) the vast majority of NIPs were nestin positive and 
insulin negative (Fig. 3B). When NIP cultures were expanded 
for 7-12 d and then treated with GLP^l, a subset of cells 
became insulin positive (Cy-2; green) and nestin negative 
(Cy-3; red; Fig. 3, C and D). Incubation with exendin-(9-39), 
a specific antagonist of GLP-1, abolished the appearance of 
irnmunostaining for insulin (Fig. 3E). The cells treated with 
GLP-1 also changed their morphology, becoming more 
rounded and flattened (Fig. 3D vs. Fig. 3, C and E). The per- 
centage of differentiated cell progeny by virtue of insulin stain- 
ing varies from 5% or less to 30% depending on the particular 
cloned NIP culture tested. Treatment with exendin-4, a long- 
acting analog of GLP-1, induced a 2- to 3-fold increase in insulin 
secretion, as measured by RIA of the cell culture medium 
(Fig. 3G). The secretory response to exendin-4 was detected in 
30% of the NIP clones tested. In some culture wells, confluence 



alone was sufficient to initiate the secretion of small amounts of 
insulin, indicating that cell confluence can induce differentia- 
tion to some extent. 

Human NIPs that have been repeatedly passaged lose 
their ability to secrete insulin in response to GLP-1. How- 
ever, a modification of the differentiation protocols of 
these cells can render them again responsive to GLP-1. In 
these modified experiments, long-term passaged NIPs (<6 
months) were cultured in medium supplemented with 
B-27, bFGF, and EGF for 4-6 d or more. Similar to skin- 
derived precursor stem cells (17), NIPs in this medium 
form floating clusters after 6 d of culture (Fig. 4A). For 
differentiation experiments, these clusters were collected, 
centrifuged, and plated on laminin-coated dishes in the' 
B-27-supplemented medium now containing 10 nM GLP-1 
but no growth factors (bFGF and EGF). A week later, cells 
grew out from the clusters, which were then fixed and 
subjected to immunocytochemistry for insulin and IDX-1. 
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FIG. 3. GLP-1 induces differentiation of NIPs into insulin-producine cells A Human wp™ mi n„„j : ^ ' ... , 

and EOF for 14-18 d. The monolayer of cells that grew out from ^IsTet was tod wife t% foS^iH TS ^eo^um contairnng bFGF 

became nestin negative and insulin positive (indicated bv white arrows Dl V T3h,l«ik i msuJin (Cy-2 .green). A subset of cells 
incubated with preimmune normal ra'bbit serum Sand gZea^g M^^N^eSJ^^jT^' ^ ""^f^ ^ WWe 
with GLP-1 (D and Fus. C and E). G Insulin secretion fronfmP cuhu£ ifeTted S^^^S^^^r^^ 
7-12 d and treated with 10 nM exendin-4. a GLP-1 aeonist for 48-72 h M».«. „„n„„*„j j cultures ^passage lj were expanded for 
SEM of four wells obtained from two different clones ofNIPs 811,1 a8Sayed Vahles are 1116 mean * 
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Fig. 4. Differentiation of long-term passaged (£6 months) NIPs. A, 
Confluent NIP cultures (n = 2; clone 009b) were trypsinized and 
plated in B-27-supplemented medium (see Materials and Methods). 
The morphology of cells changed as they become more flattened (panel . 
1), and by 6 d the cells generated clusters (panel 2). B, The clusters 
were collected, cehtrifuged, and replated into laminin-coated 48-well 
plates in B-27 medium alone (control) or supplemented with. 10 nM 
GLP-1. The cells that grew out from the clusters after 1 wk were then 
rinsed, fixed, and subjected to immunocyto chemical detection of 
IDX-1 (Cy-3, red) and insulin (Cy-2, green). 



A subset of cells became insulin and IDX-1 positive in the 
wells treated with GLP-1 as opposed to control cells with- 
out treatment with GLP-1 (Fig. 4B). 

Transfection and expression of IDX-1 in NIPs 

The homeodomain protein IDX-1 is critical for pancreas 
development (27) and plays a major role in transcriptional 
regulation of the insulin gene (15). It has been shown that 
GLP-1 agonists induce the expression of IDX-1 (8, 9) and that 
the expression of IDX-1 is sufficient by. itself to induce the 
expression of insulin in liver cells (28) and in pancreatic 
ductal cells (12). We previously reported that IDX-1 is ex- 
pressed in differentiated early passage NIP cell populations 
(14). We reconfirmed this observation in the current study 
using DNA binding assays with nuclear extracts prepared 
from differentiated confluent NIP cultures. A radioactively 
labeled, synthetic oligonucleotide probe encompassing the 
cytosine thymidine-H region of the human insulin promoter 
sequence formed a distinct complex that was eliminated 
when extracts were incubated with an antiserum for IDX-1, 
confirrrdng the authenticity of IDX-1 in these cultures (data 
not shown). However, in longrterm NIP cultures there was 
a loss /diminution of endogenous IDX-1 levels. 



Next, we addressed whether GLP-l-induced differentia- 
tion of NIPs into insulin-expressing cells might correlate with 
the expression of IDX-1. Accordingly, we transiently trans- 
fected rat IDX-1 cDNA with a fragment of the rat insulin. I 
promoter sequence conjugated to a luciferase construct (INS- 
LUC) into long-term (>6 months to 1 yr) NIP cultures and 
treated them with GLP-1 or forskolin. As shown in Fig. 5, 
reexpression of IDX-1 increased basal insulin promoter ac- 
tivity, and this effect was more pronounced when transfected 
NIPs were treated with GLP-1. In contrast, forskolin 
enhanced INS-LUC activity regardless of IDX-1 levels, 
suggesting that the GLP-1 effect on insulin gene expres- 
sion in NIP cultures may be mediated by increased ex- 
pression of IDX-1. 

We also hypothesized that a certain concentration of IDX-1 
in the cells in conjunction with the presence of GLP-1 is 
, required for NIPs to convert into insulin-producing cells. To 
test this hypothesis, we treated NIPs transfected with human 
IDX-1 cDNA or untransfected long-term subconfluent NIP 
cultures (>3 months) with either 10 nM GLP-1 or vehicle for 
3-4 d. Later, cultures were either fixed and irnrnunostained 
with an antibody against human IDX (red) and insulin (green) 
or subjected to Western immunoblot analysis for nuclear 
IDX-1 protein. Immunostaining results show an overall in- 
crease in IDX-1 expression levels in transfected cells (four of 
five times) compared with untransfected cells (Fig. 6, A vs. 
B and C, upper panels). These findings were further confirmed 
by Western immunoblot analyses, which also suggest that 
GLP-1 treatment increases IDX-1 levels in NIPs transfected 
with an IDX-1 expression plasmid (Fig. 6D). However, in- 
sulin was induced in a subset of transfected and treated NIPs 
in only two of the above experiments, as shown in a repre- 
sentative experiment in Fig. 6C (lower panel) and was not 
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FlG. 5. GLP-l-induced differentiation of NIPs is mediated through a 
pancreas-specific transcription factor, IDX-1. A, NIP cultures trans- 
fected with -410 INS-LUC (INS-LUC) alone {left) or also with rat 
IDX-1 cDNA {right) were treated with forskolin (10 /uM; Fork), GLP-1 
(10 nM), or vehicle (CON) for 20 h. Then cells were lysed and assayed 
for luciferase activity. Relative light units (RLU) were measured for 
10 sec (lOsVsample, Values represent the mean ± SEM of at least four 
wells from two experiments using clone 06. GLP-l-induced (*,P< 
0.05) stimulation of INS-LUC activity is IDX-1 dependent, whereas 
that produced by forskolin (a*) is IDX-1 independent. Note that trans- 
fection with empty vectors (pxp2 and cytomegalovirus 5 promoter) 
yielded background units that were not altered by either treatment 
(data not shown). 
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i ; 2" 7 i. ^ST? ocytochemica: analysis of insulin expression in NIP cultures transacted with human IDX-1. NIP cultures (passaees 6-11) 
la j ™ ^ t chamber slides were left untransfected (control (CON; A) or were transfected with human IDX-1 emr^s^n nlasmidf +IDX 1- 
f & » h °X 8 lat l r ' f UltUr6S W6re re - fed ^ medium contai ^g serum. The following day NIPs weS ffl XTgEp 1 

(+IDX-1+GLP-1; C) or vehicle control (B). Three days later, cultures were fixed, permeabilized with SSdWHtS ^di?«ected £S3 
fluorescence immunocytochemical detection of IDX-1 (Cy-3, red) and insulin (Cy-2, green). Shown are representative 6^^JhShmv^M^ 
SSS^- 1 negative/low (B ta^), a/d a fubsei of those ^^ZtS^ffiSte W 

paneD.Note that IDX-1 immunostainmg is more intense a those cultures that were transfected and treated with GLP-1 than SrWectTd 
untreated controls (B and C vs. A, upper panels). D, Western immunoblot analysis of IDX-1 expression levels in response , toffiLP ^m^f wf.' 
transfected with human IDX-1 cDNA or left untransfected were treated with GLP-1 (10 mu) or veHcle ^« celk we?e?v«prf .J?™' ? ! 
were prepared. Samples were electrophoresed and immunoblotted with an Bnt^^^^w^j^Z^^^^^^ 1 ^ 
line (INS) was used as a positive control. Note the absence of endogenous mX^ST^f^^^^^^ 0 ™' 



induced in other instances even in the presence of increased 
IDX-1 expression (Fig. 6B, lower panel). Taken together, these 
experiments suggest that IDX-1 may play a role in GLP-1- 
induced differentiation of NIPs into insulin-producing cells. 

MPs express the proglucagon gene and secrete GLP-1 

Major regulators of expression of the nestin gene in neural 
stem cells are the POU homeodomain proteins Brn-2 and 
Brn-4 (29). Brn-4 is known to be a key activator of the ex- 
pression of the proglucagon gene by interactions with the G x 
element located in the proximal a-cell-specific expression 
promoter of the proglucagon gene (30). Therefore, we ex- 
amined NIPs for expression of the proglucagon gene. Al- 
though the proglucagon gene is not expressed in noncon- 
fluent NIPs (Zulewski, H v unpublished observations), when 
NIPs approach confluence and begin to differentiate, they 
express the proglucagon gene, as shown by RT-PCR (Fig. 7A) 
and immunocytochemistry (Fig. 7B), and secrete GLP-1 into 
the culture, medium (Table 1). Because NIPs express func- 
tional GLP-IRs, the later expression of GLP-1 by early dif- 
ferentiating NIPs suggests that GLP-1 may function as an 



autocrine /paracrine morphogen in the differentiation of 
multipotential NIPs to pancreatic endocrine cells. 

Discussion 

Our findings demonstrate the presence of functional GLP- 
lRs on pancreatic progenitor cells and suggest a direct role for 
GLP-1 in the differentiation of NIPs into insulin-producing 
cells. Differentiation occurs in a subset of NIP cells that is in- 
duced to produce insulin. GLP-1 exerts diverse effects on 
/3-cells, including stimulation of cAMP formation (25, 31) and 
activation of phosphoinositol 3-kinase (32-34), which, in turn, 
activates several downstream signaling targets that stimulate 
insulin secretion. We characterized the electrophysiological re- 
sponses of NIPs to GLP-1 and found that NIPs bathed in phys- 
iological concentrations of glucose (5.6 dim) show an increase 
in [Ca + ]i in response to the application of 10 nM GLP-1. Para- 
doxically, a higher glucose concentration (20 mM) rendered 
GLP-1 ineffective in evoking a [Ca 2 " 4 ^ response. Like GLP-1, the 
cAMP agonist forskolin also evoked a similar increase in [Ca 2+ ] d 
in NIPs at 5.6 rhM glucose, and the response to forskolin was 
abrogated at 20 mM glucose. These results suggest that NIPs 
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Fig. 7. A, Proglucagon is expressed in confluent NIP cultures. RT- 
PCR was performed of RN A prepared from NIPs (clone 9, passage 4) 
using oligonucleotide amplimers to human proglucagon giving the 
predicted 179-bp product. Islets were used as the positive control. B, 
NIPs were differentiated by culturing them in B-27-supplemented 
medium and plating them, on wells (as described in Materials and 
Methods). Then cells were rinsed, fixed, and stained with an anti- 
serum to glucagon (a-glucagon; Cy-2; intense white on modified 
figure). 

contain a glucose-sensing mechanism. In support of these ob- 
servations, our previous study demonstrates that Glut-2 rnRNA 
is expressed in NIPs (14). Perhaps GLP-1 receptors are more 
abundant in conditions of physiological glucose concentrations, 
but are decreased in high glucose concentrations (35). Indeed, 
a recent study by Hui et al (12) demonstrates that GLP-1R 
rnRNA in ARD? cells (a pancreatic ductal cell line) is decreased 
in high glucose concentrations. Similar to islet j3-cells, the NIP 
pancreatic progenitor cells respond to tolbutamide, a drug mat 
binds sulfonylurea receptors on j3-cells to depolarize them by 
closing ATP-sensitive K channels and to stimulate insulin se- 
cretion (36, 37). These studies demonstrate that functional sul- 
fonylurea receptors are present on NIP pancreatic progenitor 
cells. Although our studies show the existence of tolbutarnide- 
responsive ATP-sensitive K + channels on NIPs and a depolar- 
izing response to GLP-1, the apparent loss of augmentation of 
the response in conditions of high glucose (20 mM) is in contrast 
to the glucose-responsive sensitivity of j3-cells to GLP-1 (25, 26). 
These observations suggest that unlike /3-cells that increase their 
responsiveness to GLP-1 in conditions of acute elevations of 
glucose concentrations, the response of progenitor cells such as 
NIPs appears to be impaired in high glucose. It is important to 
distinguish between long-term glucotoxicity of /3-cells in which 
cellular function is impaired after several days of exposure to 
high glucose (21, 38) and the acute impairment of NIP responses 
observed in just a few rrdnutes. This apparent circumstance of 
the impairment of NIPs to respond to elevated glucose may be 
relevant to the deleterious effects of elevated blood glucose 
levels in individuals with diabetes, such that elevated glucose 
might impair the neogenesis of new /3-cells from progenitor 
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TABLE 1. Secretion of GLP-1 by cultured NIPs 



Well no. 


GLP-1 (pg/ml) 


1 


12.7 


2 


56.7 


3 


. 79.8 


4 


21.2 


. 5 


■ 48.1 



Medium was collected from NIP cultures (passage 1), RLA was 
performed to assayed for secreted forms of GLP-1. The GLP-1 RIA is 
specific for the detection of the processed GLP-l-(7-36) amide and 
does not detect proglucagon, glucagon, or GLP-2. Shown are the val- 
ues from five representative wells (clone 11).. 



precursor cells. Such glucotoxicity-mediated impairment of 
0-cell neogenesis, is expected to be accompanied by accelerated 
glucotoxic /3-cell apoptosis (39-41). 

The endocrine cells of the rat pancreas turn over every 40-50 
d by processes of apoptosis and neogenesis (42). Neogenesis 
refers to the differentiation of new islet cells from progenitor 
cells residing in islets (14) and ducts (43-45). There have been 
several reports of the differentiation of pancreatic duct-derived 
cell lines into insulin-producing cells by growth factors (46), and 
GLP-1 is also implicated as a differentiation-inducing agent (10, 
12). The aclministration of exendin-4 to rats stimulates /3-cell 
neogenesis, resulting in increased /3-cell mass (9). GLP-1 is now 
being considered as a potential new therapeutic agent for type 
2 diabetic patients (13). 

In their undifferentiated state, NIPs are nestin positive and 
IDX-1 and insulin negative. When exposed to GLP-1, a subset 
of cells became nestin negative and IDX-1 and insulin pos- 
itive. Accordingly, insulin secretion by RIA was also detected 
in these cells. The differentiation of serially passaged NIP 
cultures into insulin-producing cells was accelerated by 
transfecting IDX-1 into NIPs before treating them with 
GLP-1. These findings are in agreement with those of Hui et 
al (12), who also showed that transfection of PANC-1> a 
ductal cell line with IDX-1, followed by treatment with GLP-1 
induced insulin bioynthesis. 

The level of IDX-1 in NIPs may be critical; perhaps when 
NIP cultures are sequentially passaged, the level of endog- 
enous IDX-1 falls, which is then corrected by transfecting in 
IDX-1. However, transfection with IDX-1 per se did not dif- 
ferentiate NIPs into insulin-producing cells. Treatment of 
IDX-1 -transfected cells with GLP-1 was necessary to induce 
insulin bioynthesis in a subset of NIPs. Perhaps, transfection 
of IDX-1 into NIPs up-regulates GLP-1R expression, thus 
making it more responsive to its ligand. This was demon- 
strated by Hui et al (12) using IDX-1 transfected PANC-1 
cells. Consistent with our findings Wang et al (47) demon- 
strated that the level of IDX-1 expression defines endocrine 
pancreatic gene expression. Like embryonic stem cells, the 
clonal variation in NIPs makes these kind of studies chal- 
lenging in that responses to GLP-1 will depend not only on 
the presence or absence of its receptor, but also on the level 
of receptor expression (see Table 2 for frequencies of events). 

Proglucagon gene expression appears to be restricted to 
endocrine pancreas, intestine, and brain (4, 5). The posttrans- 
lational processing of proglucagon is different in each of 
these tissues. Although the major proglucagon-derived pep- 
tide hormone in the pancreas is glucagon, GLP-1 is also 
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TABLE 2. Events/observations 



' Events/observations 



Frequency 



Clones tested 



1. GLP-1 receptors on NIPs 

2. GLP-1 mediated differentiation of NIPS 

into insulin-producing cells 

a) Early passage 

b) Long-term cultures 
Transfecting rIDX4 INS-LUC 
Transfecting hlDX and 

immuno staining for insulin 



£60% (clone 006a) 



£5-30% 
£66% 

f IDX-1 <80% 
f Insulin £40% 



3/3 clones; 006a, 009b, 002c; some have 
higher receptor expression than others 



3/3 clones; OlOd, 01 le, 016f 

2/3 clones; 006a, 015g, 005h 
3 clones tested; 006a, 013i,009b 



produced. It is surprising that the proglucagon gene appears 
not to be expressed in nonconfluent passage NIPs, but then 
becomes expressed when the NIPs become confluent and, 
differentiate. Brn-4 is known to activate nestin gene expres- 
sion (29) and is a critical a-cell-specific activator of the pro- 
glucagon gene by interactions on the G 1 enhancer in the 
proximal promoter of the gene (30). Of note, we recently 
reported that the experimental misexpression of Brn-4 in the 
early developing pancreas (mouse embryonic d 8.5-9.5), 
directed by the IDX-1 promoter in transgenic mice, results in 
ectopic expression of the proglucagon gene in the later- 
developing insulin-producing j3-cells (48). Because Brn-4 
appears to play a critical role in the expression of both the 
nestin gene characteristic of stem cells (29) and the proglu- 
cagon gene, and the expression of Brn-4 at the time of acti- 
vation of the IDX-1 promoter during development activates 
proglucagon gene expression (48), it is tempting to speculate 
that NIPs may be precursors of the IDX-1 -expressing epi- 
thelial cells that appear in the foregut of the early mouse 
embryo (embryonic d 8.5-9.5) that is destined to give, rise to 
the pancreas. Further, we speculate that the expression of the 
GLP-1R in NIPs coupled with the expression of proglucagon 
and resultant GLP-1 may establish an autocrine/paracrine 
hormonal feedback loop that is important in instructing the 
differentiation of NIPs into pancreatic endocrine cell lin- 
eages, e.g. /3-cells. In addition, our findings are consistent 
with the reported observations that fetal pancreas-derived 
progenitor cells give, rise to endocrine cells mat initially ex- 
press proglucagon (49) and later coexpress proglucagon and 
proinsulin (50). 
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EXHIBIT C 

CONFIDENTIAL 

Michele Cimbala 
December 21, 1998 

Conception that Glucagon-Like Peptide-1 (GLP-1) Stimulates the Growth of 

Pancreatic p-Cells 

June 1986: I (Habener) met with Dr. Jeffrey Flier, a co-founder of a then forming new bio- 
technology company, Metabolic Biosystems, Inc. (MetaBio) to be a subsidiary of California 
Biotechnology, Inc. (Cal Bio). I discussed with him my ideas that GLP-1 appears to 
stimulate insulin secretion and may be a growth factor for pancreatic (3 -cells. Flier and I 
agreed that this was an exciting possibility. The parent patent on GLP-1 had been filed in 
May 1986. I was brought in as a consultant for MetaBio with the intention to examine the 
potential for GLP-1 to stimulate insulin secretion and the growth of new p-cells, and 
thereby to provide a potential treatment for individuals with diabetes mellitus, a disease 
known to be a consequence of an inadequate production of insulin by (3 -cells. We dis- 
cussed the existing information in the literature indicating that the inadequate production 
of insulin by the pancreas of diabetic individuals is due to a loss of function of p-cells 
and /or a reduction in the mass (numbers) of p-cells in the pancreas. Thus, if GLP-1 were 
to stimulate the growth and production of new p-cells, it would be a very promising po- 
tential therapy for the treatment of individuals with diabetes. This conceptualization of 
the potential for GLP-1 as a treatment of diabetes was clearly in my mind as of June 1986. 
The concept that the GRP encoded in the anglerfish preproglucagon discovered by us in 
1981 and subsequently the orthologous peptide GLP-1 would/may stimulate the growth 
of p-cells in the pancreas was clearly established in 1981-1982. The whole idea that GLP-1 
could be a treatment for individuals with diabetes, and would do so by stimulating the 
growth of new p-cells in the pancreas, was the major, motivating concept behind the deci- 
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sion of Cal Bio to establish a subsidiary company, MetaBio, to examine and develop GLP-1 
as a therapeutic agent to stimulate insulin production, P-cell growth and functions, and 
hence p-cell mass in diabetic individuals. In June 1986 we had obtained initial data that 
GLP-1 stimulates insulin secretion but other hormones, such as glucose-dependent insuli- 
notropic polypeptide (GIP) and cholecystokinin had already been shown to stimulate in- 
sulin secretion. Our interest was in whether GLP-1 could stimulate the growth of new P- 
cells in the pancreas. 

7/87-5/ 88 Heather Hermann, a technician in my laboratory, and Habener conduct several 
studies in an attempt to directly demonstrate that GLP-1 stimulates the growth of pancre- 
atic p-cells. GLP-1 and other proglucagon-derived peptides are added to cultures of insu- 
linoma cells (p-cells) deprived of serum to arrest cell growth. The cells are pulse-labeled 
with 3 H-TdR and emulsion autoradiograms are prepared to examine rates of incorporation 
of 3 H into nuclei of p-cells, as an index of cellular proliferation. The experiments are tech- 
nically difficult to interpret because the serum deprivation failed to arrest cell division. 
The concept that GLP-1 stimulates the growth of p-cells prevails. We conclude that the 
transformed insulinoma cells are not an adequate model to prove that GLP-1 stimulates p- 
cell growth. 

1993-1994 We and other laboratories discover the transcription factor IDX-1 (PDX-1, 
IPF-1, STF-1) as a major regulator of insulin gene expression and the growth and devel- 
opment of the pancreas and the p-cells. The concept develops in my mind that maybe 
GLP-1 might stimulate the expression of IDX-1 and thereby may stimulate the neogenesis 
(new growth) of P-cells in the pancreas. I was then (and still am) excited by the idea that 
the expression of IDX-1 may be stimulated by cAMP signaling, similar to the transcription 
factor CREB, that we discovered in 1987. IDX-1, like CREB, had a cAMP-dependent phos- 
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phorylation site in the active region of the protein. Phosphorylation of CREB at its site is 
required for activity so I reasoned that IDX-1 activity may likewise depend on phos- 
phorylation. That is, GLP-1 acts on its cellular receptors to stimulate cAMP signaling 
pathways that may activate the expression of IDX-1, which would then activate the differ- 
entiation and growth of p-cells. We recognized in 1985 that GLP-1 activated cAMP forma- 
tion in (3-cells (Drucker et al.). The GLP-1 receptor, cloned by B. Thorens, allowed direct 
confirmation that GLP-1 acts on a GPCR to stimulate the cAMP signaling pathway. The 
conception that GLP-1 would cause p-cells to differentiate and to grow was really firmly 
established and settled in my mind in 1993-1994 because of the discovery of IDX-1, which 
had cAMP-dependent phosphorylation sites in its structure (Lu et al. 1995). It seemed 
clear in my mind that GLP-1 indeed stimulates the neogenesis of (3 -cells. 
June 1995 David Zangen presents a paper at the Eur. Acad. Soc. Diabetes describing 
our collaborative studies with the Joslin Diabetes Center showing that in the regenerating 
pancreas IDX-1 is highly expressed in the duct cells undergoing neogenesis to form new (3- 
cells. The duct cells that first express IDX-1 go on to express insulin, indicating that the 
expression of IDX-1 correlates with the differentiation of ductal progenitor cells into the p- 
cells that produce insulin. The paper is submitted for publication to and sequentially re- 
jected by Development and then by PNAS . The paper is now in press in Diabetes . 

9/96-10/96 Habener orders customized matrix assisted delivery (MAD) GLP-1 

pellets from Innovative Research of America, Inc. for implantation in to rats and mice to 
determine whether GLP-1 stimulates (3-cell neogenesis, i.e. the differentiation and growth 
of new p-cells in the pancreas. I first called Innovative Research on 9/20/96 to discuss 
custom-made GLP-1 pellets. The experimental plan was to maintain GLP-1 pellet- 
implanted animals for three weeks and then inject the mice/rats with BrdU three hours 
before their sacrifice and to then examine the pancreata by in situ immunocytochemistry 
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with an antibody to BrdU to give an index of cell division rates. The pancreas sections 
were also co-stained with antiserum to insulin so that an increase of BrdU staining and in- 
sulin staining cells in the pancreatic ducts in response to GLP-1 would indicate that a 
stimulation of (3 -cell neogenesis had occurred. 

These experiments were intended to provide preliminary studies to support my 
competing renewal application of my NIH grant DK30834 "Glucagon Biosynthesis and 
Metabolism/' 

1/97 The experiments were completed by Doris Stoffers, a postdoctoral fellow in 

my laboratory, who examined the sections of the pancreata from the mice treated with 
implanted GLP-1 pellets for 3 weeks with control mice implanted with dummy pellets. 
For technical reasons the staining with the antiserum to BrdU did not work. The concept 
that GLP-1 stimulates the neogenesis of p-cells still prevails. 

2/28/97 The NIH grant application is submitted. It describes proposed studies with 
Josephine Egan at the NIA in Baltimore. A letter of intent to collaborate with Habener is 
provided by Egan and is appended to the grant application. The studies in the proposed 
collaboration are to determine whether GLP-1 will promote the neogenesis of p-cells in the 
pancreas. 

6/96 At the Endocrine Society Meetings (ICE) held in conjunction with the ADA 

meetings, Habener introduces Stoffers to Egan and collaborative studies are discussed to 
determine whether GLP-1 may stimulate p-cell neogenesis and the growth of new P-cells 
in the pancreas. (There are some additional communications between Egan and me that I 
have to track down.) 
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3/97 Staffers and Egan meet over lunch at the MEEI cafeteria to discuss concrete 

plans of collaborative experiments to determine the effectiveness of GLP-1 to stimulate the 
neogenesis of p-cells in mice. I was out of town and could not attend this meeting. 

6/97 As agreed upon in the collaborative plan of 3/97 Egan brings the mice that 

were infused with GLP-1 by subcutaneous osmopumps and mice that had been injected 
daily with a long-acting GLP-1 agonist, exendin-4, at the NIA in Baltimore, to Boston the 
week of the annual meeting of the American Diabetes Association, held in Boston, June 
1997. On Saturday, June 21, 1997, the mice are sacrificed in my laboratory (Laboratory of 
Molecular Endocrinology) at the MGH. The pancreata are obtained from the mice for 
analyses by Western immunoblot and in situ immunocytochemistry (ICC) using our antis- 
era to IDX-1, insulin, and other islet hormones. 

7/97 Staffers and I establish that GLP-1 (7-36) and exendin-4 both stimulate the 

expression of IDX-1 in the pancreas on Western immunoblots. Together we view images 
of the ICC on the computer screen and mutually agree that it appears that the pancreata of 
mice treated with GLP-1 agonists show an increased expression of IDX-1 and insulin in 
the epithelial cells of the pancreatic ducts. We also quantitate the sizes of the islets in 
GLP-l-treated vs. placebo- treated mice (done by a Summer Research Student Jeffrey Rhin 
and show that the GLP-1 has increased islet mass by two-fold. This is exciting because 
these observations indicate that GLP-1 has indeed stimulated (3 -cell neogenesis. The con- 
cept that GLP-1 can stimulate P-cell neogenesis, the growth of new p-cells, is completed. 

8^10/97 Mehboob Hussain, a postdoctoral fellow in my laboratory, treats 

AR42J cells with the GLP-1 agonist exendin-4 and shows that the treatment (72 hrs) causes 
an increase in the expression of IDX-1 and the expression of insulin in these cells. These 
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findings clearly indicate that GLP-1 can convert AR42J cells to p-cells that produce insulin. 
The background rationale for doing these experiments is that the AR42J cells were derived 
from a rat pancreatic carcinoma of ductal origin many years ago. The workers in the exo- 
crine pancreas research have defined the AR42J cells as "amphicrine" cells because they 
have latent properties of both exocrine and endocrine pancreas cells. The addition of glu- 
cocorticoids, such as dexamethasone to AR42J cells converts them to an exocrine pheno- 
type as the cells express amylase, chymotrypsin and other markers of exocrine pancreas 
cells in response to dexamethasone. Yet AR42J cells are electrically excitable, as are pan- 
creatic endocrine cells. Then in 1995-96 several laboratories showed that treatment of 
AR42J cells with certain growth factors, such as betacellulin, TGFfi, activin A, hepatic 
growth factor could convert the cells to an endocrine phenotype that expresses insulin, 
like (3 -cells do. 

We reasoned that if GLP-1 induces IDX-1 it (GLP-1) may also induce expression of 
insulin in AR42J cells in response to treatment with GLP-1 agonists. Thus the concept that 
GLP-1 stimulates pancreatic duct cells to turn on the expression of insulin, and thereby 
stimulates (3-cell neogenesis, is completed again. The data obtained by Hussain are given 
in the preliminary results section of my resubmission of the amended NIH grant applica- 
tion DK30834 on 10/30/97. 

6-7/97 I (Habener) call Egan and inform her of our promising and exciting results. 

Namely, it looks as though GLP-1 indeed stimulates P-cell neogenesis. 

8/97 Egan comes to MGH and meets with Staffers and me (Habener). We view 

the data together in the Wellman 3 conference room in the Laboratory of Molecular Endo- 
crinology at the MGH. The computer images of the immunocytochemical staining of the 
pancreata from GLP-l-treated and saline placebo-treated mice are examined together. 
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Staffers and I point out to Egan the evidence for neogenesis stimulated by GLP-1 treat- 
ment. Egan agrees that it certainly appears from these experiments that GLP-1 stimulates 
the neogenesis of p-cells because the enhanced expression of IDX-1 and insulin in the pan- 
creatic ducts of the GLP-l-treated mice is much more pronounced than is seen in the ducts 
of the saline placebo-treated mice. 

4/28/98 Egan gives a seminar at Endocrine Grand Rounds at the MGH. Egan shows 

data of the results of administration of GLP-1 agonists to mice and the treatment of AR42J 
cells with GLP-1 agonists (exendin-4). The data demonstrate that GLP-1 agonists stimu- 
late the neogenesis of P-cells. This is of concern, because the data were presented by Egan 
as though done independently of us. The data were presented in a non-collaborative 
manner, as if all of the data originated from NIA without collaboration with MGH. It is 
also interesting that the reason Egan was invited to give Endocrine Grand Rounds is that 
Elahi asked me to invite her because she was up for promotion to a fulltime position at 
NIA, a promotion that requires evidence of independence in research, and that having 
been invited to give a seminar at MGH would look good on Egan's CV and may help ob- 
tain the promotion. So I had invited Egan to give this seminar sometime in July or August 
1997. 

Based on data presented by Egan at Endocrine Grand Rounds, Hussain indicates a 
loss of interest in continuing experiments of GLP-1 in AR42J cells that will only serve to 
duplicate Egan's experiments. We understand that the AR42J cell experiments presented 
by Egan at Endocrine Grand Rounds are in press in the Journal of Clinical Investigation. 
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Concept that the transcription f actor IDX-1 (PDX-l/STF-l/IPF-1) is instrumental in the 
regulation of insulin expression and required for the development of the pancreas (P- 
cells) 

Prior to 1994 it was known that GLP-1 stimulates the transcription of the insulin gene, en- 
hances production of insulin in (3 -cells, and stimulates secretion of insulin, all in a glucose- 
dependent manner. 

1993-1994 (dates depending on how long it took to get papers revised and accepted). The 
Laboratories of Habener, Montminy, and Edlund reported simultaneously that the ho- 
meodomain transcription factor IDX-1 is islet cell-specific and stimulates the expression of 
the insulin gene. 

1994 Mice rendered nullizygous for idx-1 are born without a pancreas—the pancreas fails 
to develop, pancreatic agenesis. Thus IDX-1 is required for not only regulation of tran- 
scriptional expression of the insulin gene but also for pancreas development. Staffers joins 
my laboratory to do her research training. We learn about a child in Virginia born without 
a pancreas (pancreatic agenesis). Staffers and I agree to examine the possibility that the 
child without a pancreas may be nullizygous for IDX-1. This turns out to be true. The 
child is homozygous for an inactivating mutation in the idx-1 gene. We then learn that the 
child belongs to a very large extended family. The father and mother of the child are ob- 
viously hemizygous for IDX-1. The father was diagnosed as having diabetes at age 17. 
The mother also has diabetes. Examination of the extended family establishes that all car- 
riers of the mutation in the idx-1 gene have diabetes. Thus, haploinsufficiency in IDX-1 
causes diabetes, and the diabetes is due to a lack of insulin production and secretion. 

Therefore Habener reasons that if insufficiency in IDX-1 expression causes diabetes, 
and absence of IDX-1 arrests pancreas development, and that it is known that IDX-1 ex- 
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pression is restricted to p-cells of the adult pancreas that produce insulin, then IDX-1 may 
be important in the development of p-cells in the adult pancreas. 

Further, and key to the conceptualization, is that GLP-1 stimulates insulin gene ex- 
pression. Therefore GLP-1 may stimulate IDX-1 expression, and IDX-1 expression so 
stimulated may stimulate insulin expression. This is an important concept because the 
process of p-cell neogenesis, that is the formation of new P-cells by their differentiation 
from pleuripotential, or precursor cells in the pancreatic ducts, is believed (by me at least) 
to recapitulate the ontological development of the pancreas. It is well known that during 
embryonic development the pancreas is derived by the differentiation of gut endodermal 
epithelial cells that become the ducts of the pancreas and then give rise to the exocrine and 
endocrine pancreas (Islets of Langerhans). 

1997 It is shown that mice hemizygous for IDX-1 get diabetes at 4-6 months of 

age. Also CreLox conditional knockouts of the idx-1 gene get diabetes at 3-6 month of age. 
Thus in humans (discovered by us) and in mice, loss of idx-1 expression causes diabetes. 
The diabetes is due to a reduction in p-cell mass and insulin production. GLP-1 is known 
to stimulate insulin production. 

Importantly, it is well known (early 1990s) that GLP-1 binds to receptors on P-cells 
and stimulates the formation of cAMP. GLP-1 increases the levels of cAMP in these cells. 

1997-1998 What controls the pancreas to develop from a small defined segment of the 
gut tube during early embryonic development? It was known that the pancreas develops 
as an evagination of the gut tube at e9.5 from an area of specialized prepattemed endo- 
dermal epithelium. Now we know that this specialized region of the gut tube must ex- 
press IDX-1 and also must not express the important developmental signaling molecule 
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Sonic Hedgehog (SHH). Given these two circumstances in the gut tube, expression of 
IDX-1 and repression of SHH, a pancreas will form. 

Importantly, it is known that cAMP signaling is a potent antagonist to SHH sig- 
naling. 

Therefore, I believe that GLP-1, by acting on receptors in pancreatic duct cells and 
generating cAMP in the adult pancreas, suppresses SHH, and activates IDX-1 expression, 
and thereby is the mechanism by which GLP-1 stimulates the differentiation of duct cells 
into [3-cells, so-called neogenesis of (3-cells. This process of neogenesis of (3-cells in the 
adult pancreas is a recapitulation, a replay, of the embryonic development of the pancreas 
and of (3-cells. 

For consideration is my Summary 

The concept that GLP-1 stimulates the growth of new (3-cells was established in 
1986 when it was discussed with Flier as a component for development by the newly 
formed company, Metabolic BioSystems, Inc. (Meta Bio). There should be letters, records 
at Scios to document this. Note that in 1986 the company was California Biotechnology, 
Inc. (Cal Bio) that then became Scios, then Scios Nova, then back to Scios again. Meta Bio 
was a subsidiary of Cal Bio. 

The completion of the concept that GLP-1 stimulates the neogenesis of pancreatic (3- 

cells probably occurred in 7/ 97. 
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The disease non insulin dependent mellitus (NIDDM) is increasing by epidemic proportions in developed countries 
throughout the world. There are an estimated 100 million individuals with diabetes and an equal number who have 
not yet been diagnosed. One important manifestation of NIDDM is impaired and/or dysregulated secretion of the 
hormones insulin and glucagon in conjunction with impaired insulin sensitivity (insulin resistance). Glucagon is a 
catabolic hormone whose physiological actions are counter to those of the anabolic hormone, insulin.' Hyperoiu- 
cagonemiaisa common manifestation of diabetes, increases hepatic glucose output, and worsens hyperglycemia 
The overall hypothesis being tested in these studies is that the regulation of the expression of the glucagon gene Is 
critically important during the switch from fasting (catabolic) to the fed (anabolic) state: The glucagon gene is ex- 
pressed in both the pancreas and the intestine. Remarkably, by mechanisms of alternative post-translational proc- 
essing of proglucagon, the pancreas produces the bioactive peptide glucagon, the anti-insulin hormone important in 
the fasting state to maintain blood glucose levels. In the intestine the bioactive hormone produced is glucagon-like 
peptide*! (GLP-I), an incretin hormone that has potent insulinotropic actions on p-cells of the pancreas, satiety ac- 
tions on the hypothalamus, and possible peripheral actions on adipose and skeletal muscle to enhance glucose 
uptake and on liver to inhibit glucose output. It is proposed that: 1) During fasting, glucagon gene expression is 
tonically elevated due to the low insulin and glucose levels and high neuroadrenergic inputs likely mediated b y 
cAMP-dependent signaling pathways. 2) During feeding, oral nutrients induce intestinal L-ce!ls to release the insuli- 
notropic hormone GLP-I that activates specific cAMP-coupled receptors on pancreatic p-cells and, synergeticaily 
with glucose, stimulates insulin and represses glucagon release and production, respectively. We propose to con- 
tinue our investigations of the mechanisms involved in the transcriptional expression of the glucagon gene. The 
aims are to: (1) examine the potential role of the pou-specific homeodomain protein Brain-4 in the a-cell-specific ex- 
pression of the proglucagon gene and as a possible factor in ct-cell development; (2) isolate, identify, and charac- 
terize the peripheral GLP-1 receptor expressed on adipocytes. We propose to clone the receptor from a 3T3-L1 cell 
cDNA expression library, prepare stable cell lines expressing the receptor, characterize the hierarchy of peptide 
hormone binding and the coupling to signal transduction pathways, and investigate the potential role of the receptor 
in diabetes; (3) examine the potential properties of GLP-1 to enhance growth and to inhibit apoptosis of pancreatic 
P-cells. The importance of hormones encoded by the glucagon gene in the maintenance of glucose homeostasis 
and their potential relevance to the pathogenesis of NIDDM, provides interest in learning more about the controlling 
factors involved in the expression of the gene. 
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t L. , - ■ Principal Investig ator/Program Director (Last, first, middle): Habener. Joe i r 

vuh*hJS^ ral S ^ investigations of the novel GLP-1 receptor may be productive. One would be to ask 
t7™ 2 %2S I r Cept °Alf alS ° ex P re K ssed n l^er and muscle, or even brain or islet cells, and to deternSni the 
S?5X ShwK°H n - °V he rec H e P tor b V usin 9 approaches of RT-PCR of tissue extracts, RNase protection as sa v* 
L%^f^ 6iZ T^- and ,mmun °cytochemistry.and Western immunoblots, such as we did for the paSreic- 
nn P vpl r i P 1 R deS - Cnbed In ° ur t :P a P er P5. One of the first things that we will do is to prepare an antisemm to the 
sTgnalfequ'ence of ?he Sor PePt ' de * * eStimated t0 be jUSt ^proximal to the N S?ni] 

«^»*J t - W0 " ,d . be ' in f ere st'ng-to investigate the ion channel activities and effects on [Can of the lioand-activat&- 
receptor .n single cells using the patch clamp electrophysiological approaches and fura-2 dual-wlvl lenqfr . SlcS"- 
'"jagmg. Ion channel activities could be examined in the L-6 myocytes becai^n^e&^ ^Sb^"-' 

r CC1 lf GL i :, " 1 enhances insulin stimulated glucose uptake in cells (3T3-1 adipocytes) as reDbrted bv Eaan et 
S^T ay h ?°rn S ° by 6flha " cin 9 the translocation of glucose transporter^ to fheplasma mlmbranf Tin is can be"" 
examined by measuring the change in capacitance of the cell in response to GLP-1 . . 

1R is u^nl^tTrTlfr w!! lly inter , e f tin 9 line . of investigation might be to determine whether. the novel peripheral GLP- 
in m f £?♦ 9U ated or dpwnregulated in animal models of diabetes. Circulating GLP-1 levels are reDorted elevated 

thJ ,m 3 c ♦ J 5 ts u i! the P en P neral GLp - 1 R 's coupled to signal transduction pathways different from 
^^^SS^S^^^Sr^ Jk" 1 ? iS C °KV P ' ed ft may not ^sensitize. §ne mtg'ht spSte that 

5K2S^^ peripheral 9 ,ucose in ^ .to • 

ci^no.i^ n0t lL er line °f investigation might be to examine the cross-talk between the lectin cytokine and the GL P- • 
Pathways. Leptin is the obesity (starvation) hormone made in fat that nhibits increase! enera- 

fSffiJ* 6 . and 1 . re product.ve processes. Leptin also has receptors on adipocytes (recent meetinS^ ' 

^v) A am p^«vl i glucose uptake in skeletal muscle (recent Keystone ^eeTings on dfe^ 
thSt IpSS nhih? «9naling-is well recognized to antagonize cytokine signaling. Since we have recently found 
Irfw M ? b,tS ,n ? u,, r~i e S^, ,on by nyperpolarizing p-cells via opening ATP-sensitive K* (KWR channels 
and the ept n receptor- Ob-Rb long form) is coupled to the Jak/STAT and possibly MEKWER^ 
W;. GLP il s |?naling may act on K-ATP (Kir6.2 or SUR) or on Ob-Rb or on & 

522 Xnn UCh a ,° rp f - talk be 3 ween ? LP - 1 s, '9 na,in 9 and 'ePt-n signaling ma 'explain hwlnfflffc^ be se- 
creted dunng meals when incretins such as GLP-1 are released and overcome the inhibitory actions of "eottn on 

ffiSSrS^ J^7T UM ? investi 9 at ' on of Peripheral GLP-1 R woufd be to SamS The gene s?mc- 
LnH wll?fc t ? rrn,ne wn et n er alternative exon-splicing occurs and modifies receptor activity, examine the promoter 
and identify transacting factors that may be expressed during the differentiation of 3T3-L adiooblast f to adtao- 
cytes thereby activating the transcription of the receptor gene. The phys ologic importance^ 
ffip?ptT ,, !?^ iT,l<?e ^ h h a ta :9 ete d disruption of the gene, as t^t^S^SSi^^^.^ 
?nn J- et a ';/ es f In ? in a phenotype of glucose intolerance. Double transgenic mice may be created by cross- 
ing mice with knockouts of the penpheral GLP-1 R to mice, with knockouts of the pancreatic GLP-1 R V . 

prc^SSX^^tS^ aCXi ° nS ° 1 g,UCa 9 on " ,ike P e P tide - 1 ( QLP - 1 ) °" 3-cell differentiation, 

■wo ni J? 6 hypothesis to be examined is that the long-term administration of GLP-1 may enhance 3-cell mass 
ffif S n r?p d 1 m,n,S n ter ? LP - l V° n F- term i° ^eptozotocin diabetic mouse and rat models and tad^fectly Sthe ef- 
SSfh! m - Nfll proliferation, differentiation, and apoptosis and thereby to establish whe her 'or not GLP-1 
M-i^^ (l)ThTageddiaffic^ 
ion with Dr? teSSffiTn!?? J ' ^ NIH * lnstitute); ® Tne derating pancreas model % f5aboS- 
rTole^ . 

The actions of GLP-1 on its receptor, at least in p-cells, generates high cellular levels of cAMP CvH.v amp 
Z^EF* l w ^"SS te S? P ro , liferation of man V diff erent ceil types and to "promote ^dSentt^oTof othefce? 
SifLl f V 'T ed , S^ f p hosphorylated CREB also activates the transcription of the BCL-2 gene increases 
cellular levels of BCL-2, and rescues apoptosis in B-lymphocytes [1261. BCL-2, the rnammalfcS i hbmoKpS thP 
iTbS 9 P^'pR^n- 9 (C ; ^ le ? ans t death PfotWis a pofent inJrsa! inhibito? oTa^optosTs [1 °27 1?, " ig 
IS; J? 1 ' 2 f a * 26 kDa P rote <n, located in membranes of the mitochondria and endoplasmic reticu urn that s be- 
lieved to protect against apoptosis by decreasing the net cellular generation of reactive oxygVr f spSies (ROS) 
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DeroSrSf^nS; tho S J!^". 0 ", end P rod "ct s are implicated in the generation of Hub and cnronic nv- - 
K$&LT a enhances the formation of glycation end-products. Furthermore, giycation-dependent ROS aoDear 'a 
mediate the suppression of insulin promoter activity in hamster insulinoma (HIT) cells [129, 1 301. A numbSof 
BCL-2 homologs have. been. identified, including BCL-X,, and BAG-1 , and Bad which promote aoootosif r , ,r 
S e n3iT Ce SU " eStS ra,i ° S Of th6Se ^ nt, '- t0 P^Wtote.pr^ir^?JiSj a^X^S?R"aSp: 

«n m » See i nS P'^^Jf ■ tt J. e I efo f e '. tnat 'ong-term administration of GLP-1 to rat or mouse models of reduced S- 
S % \ m frfffiffi t ^ ay 8ith f r Stim ^' ate P" 08 " Proliferation/differentiation and/oMnh ofapoptosis 
& S ♦ ♦ P ♦ * 5 k * any u? f these actlons - tneir demonstration would be relevant to the rational for the 
S 9 mSlTnnM^n? betlC S > Ub |f C L S ' not on,y those with NIDDM - but als ° Possibly insunn-dependent d abj. 
ffLTf ill t P- «, t/pe iU \- n> l e diabe,es . ,n which the p-cell mass is severery reduced but in which proqenSor 
P-ceBs located in the pancreatic ducts remain viable. To date, few lonq-term studies of GLP-1 adrr KtSrtnn hSL 
been done, particularly studiesin which the parameters of mSSS an Tpop 5 have 
^^S^'JSS^Vi' Pr °9ress Report/PrelirSinary'studies, 48-hr inSs of GLpflTagTd dfa 
?? cifo m?u a d) e f ults ! 2 amarf 5 ed stimulation of insulin secretion and production and in B-cell oroliferation 
IL^^SiS^?^SS^^ P ublication J : We are planning to collaborate wrtK Dr Egan S exam ne 
L^hP 6 f e QL »u"! u fu ? I0ns °. n the ex P r ession of IDX-1 in the 8-cells (see letter of intent to collaborate Ap- 
pendix). It appears that the transcription factor IDX-1 is a positive regulato of insulin genVexDressi^ 
volved in pancreatic development. That IDX-1 is involved in the differentiation if progfnitor oanc^aSSdJct cat' 
into insulin-producing S-cells is supported by a collaborative study done w h Dr WooW^T^SfS 

uttveiupmeni or tne pancreas, we nave observed a marked increase n IDX-1 and insulin ophp Pmrp^inn ho 
STtSSE ? ^ 3 ' corres P°" din 9 t0 tn e transition from the proliferative o Vhe dSe SK?of SfenSS 
ffre"B?J? SSf th PPOrt the ,' de 5 that IDX - 1 is involved in tne d ifferentiation of SSffiS3S?^ 
meaSTo est S that ,he "generating pancreas model rSa/bJ a 

dTc?KS^ may st,mulate (he P^ess of the differenLon of 

. . Experimental methods 

Long-term administration of GLP-1 to rats and mice 

in. s A P rov en effective method to deliver hormones to rats and mice is to use implanted mini osmooumDs fAlzet 

& A^n e a r ,V the P ," m ? S d0 9et plu " ed an u d fail ,0 de,iver tne """none, for technical reasons K 

tions). As an alternative to osmopumps, we have been experimenting with matrix assisted deHverv oelSs nrp 

pared by Innovative Research America, Inc. We provided them with 20 ma if GLP- U7^Sh?hSS^,?i^H 

Lif ' Vef GLP " 1 i° r y? t0 21 days and achieve bl00d levels of 20-50 pM equivalent to prandial levels Pla- 
cebo pellets are provided to serve as controls. However, we have not ye 'thoroughly 'evaluated ma rix assisted 
dehvery pellets for delivery rates and pharmacodynamics. We do have preliminary data on S PU E tte are 
encouraging and they can be used if matrix pellets don 1 ! work. We tested both C I 2 ml and 2 0 ?STdw deSenf 
pumps implanted subcutaneously in the nape of 500 gm rats. The GLP-1 (7-37) solutions 
and 10 mg (2.0 ml). At the end of 5 days of GLP-1 adLnistratio Uhe ^ii^iS^SS^P^M:^ SS 
els achieved^ere 4 ng/ml and 0.8 .ng/ml for the 2.0 ml and 0.2 ml pumps, respSely (T ^^/f 3 '-4 min MCR 1 to 
14 ml.min). This rangefinder study allows us to calculate the desired dose of GLP or adm nfetratiSS Normal basal 
and prandial GLP-1 levels are 2 and 10 pM and 10 and 60 pfv) for the 7-37 and 7-36aS 5<SBwi??]S2^ 
lively, We would aim for infusion plasma levels of 50-100 pM (150-300 pg/mh m^^ffSSi^fS^mn 
containing 0.5-1.0 mg GLP-1 (7-37) can be used. w"»h ' nus, me smaner pumps (0.2 ml) 

Creation of streptozotocin diabetic mice and rats 

Streptozotocin is a relatively specific p-cell toxin, believed to act by specifically comoromisina the nadh 
ryanodine, cyclic ADP ribose metabolic system unique to p-cells. StreptozoS can be ^adiS nS ereS at irl 

generating these mouse and rat models of diabetes are well documented [132, 133]. h>uiucois ror 

Experimental parameters to be evaluated 

The extent of impaired glucose tolerance (IGT) or diabetes in resDonse to strpntnrntnrin will ho m«r,;w«H 
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- Principa l Investigator/Program Director (Last, first, middle): Habener Jop! F 

a ed fowff ^ Si4^h- 8 ^ lw l^^ 8 C ^ rrent ' ^9gest.ng that the cAMF actions were not meo • 
?w ' i P e / ha g s by the binding of cAMP to a protein, perhaps the Na/Ca-NS. (ii) The elicited current •« 
7^tn d SI"? 'P?$M£ VDCC b,ocke ' s sucn as nifed, 'P in e and verapamil or by clampSS Tthe 
In of 0 Sr" a ,° a Sii^jry at which VDCCs cannot open, (iii) The activation of the current is also to aHy de D end- 
,hinl e r Xtra i ellular NaandCf chelators BAPTA-AM or EGTA, suggesting the participation of a NaVCa* ex- 

evaiuaie inese aiverse actions of GLP-1. Receptor occupancy by GLP-1 activates G„ proteins and stimuiatP* 
adenyly cyclase, thereby accelerating conversion of ATP'to cAMP. We propose that this catSytfc pro^ 

^l e ,f a / CellUlar ? a a r d ^ at the ^sequent binding of cAMP to cyclic riud^dd^uffi^rS^SicSfe- 
' ? ArtSnn {?f££?S2 f witn the channel > results inchannel activation, thereby gentrS 
bZnJ^lnSl T of . thes ^ channels by cAMP is also proposed to require intracellular Ca 2 *. The rise of [Ca 2 Twh icn 
H^nnE fnn'^ l? ac *! eved b V stimulation of at least two distinct Ca 2 ' signaling pathways. First, the membrane 
o n P °' ar urSn h 3 d,r -! Ct conse 3 uence °f Up results in activation of VDCCs thereby raising Ca 2 l Second 
f 100 to [ S frrfjf nS!l e t V h en ^ e "»"?^ s in which the membrane potential is voltage-cllmped at vales 
r J ?°i ^m?inc>i 6 10 th S a t ctlvatlon threshold of VDCCs. Although the nature of this additional rise of 
Ca l remains to be determined, it may signify the mobilization of Ca 2+ from intracellular stores as will as Ca 2 - in- 
flux via nonselective cat.on channels and/or membrane transporters (see below). Acting i n concert fhese C%- 
Signaling pathways are proposed to contribute to the stimulatory actions of GLP^on ir^ 

From a functional standpoint, the ability of GLP-1 to raise [Ca 2 *]. through activation of a sianalina svstpm 

?nM^ ^^™l d ^y*?' e r en under conditions in which the sulfonylurea drugs such as glybu ide (which 
inhibits UATP) fail to s imulate insulin secretion (sulfonylurea failure). This observation suaaests that one thera 

w if ,♦ tr, ?9 er s a rise of [Ca 2 i( insulin secretion, and a lowering of blood qlucose even under conditions in 
R U Sn V Urea , r6Cept0r f and AT P- sensi *i v e Potassium channels no longe 9 play a dominanfrofe S T he reiuia- 

in r ..iJ^foof 0 s j? owed li l a{ } h ? v o 0lta 9 e independent Na7Ca 2+ -NS channels are involved in the slow oscillations 
PACAR £S ^Z^n de P° lari ? ati .°n mediated by pituitary adenylyl <^teS^v3n^SE nS 

\ri£^i^thI£ZJ^^™ S S '° k 0sclllatl0ns ,n cvt °solic calcium in p-cells are mediated by voltage- 

■ v ! cna " nels f 8 )- These observations suggest that the slow oscillations in [Can may serve as im- 

s P uch as dSrlnotrS ESS no^'T Under C t 0n t diti ?" s in which «0« contral of glucose homeoiSifnecessa^ 
InH^L^ 9 6 f pst'ng normoglycemic state. It is proposed that PACAP may be important in a neuro-entero- 
endocnne loop regulatmg insulin secretion during the transition period from fasting to feeding (P9) 

Potential trophic effects of GLP-1 on p-cell neogenesis and proliferation 

is knnJ^tfm^ the possibility that GLP-1 may have trophic actions on p-cells. GLP-1 

Furthest is known thff^ Ce " S and J° Stimylate insulin secretion - and also insuli n biosynthesis. 

I ntSlroJif LhI P , s *P eff ective second messenger and stimulates certain cell types to proliferate and 
ciT^nn^^^^ h -V^ a u d mdu ? es cel| ular differentiation [120]. Essentially all of the studies of 
to^miS?RStS^n U !i! r ,5? ve T S J°? term ? x P erirnen{ s to demonstrate the insulinotropic actions, i.e., . 
i2«ffi- ?e f^t J In secretion and to lower blood glucose levels. In preliminary studies with Dr. J. Egan of the Aginq 
Institute 48 hr continuous infusions of GLP-1 have been administered by subcutaneously implanted mini os- 
?nZ U ZV?J?!t! at Z {2 ? m0nthS 0ld h J his particu,ar s,rain of ^ster rats (iB^Sk^^^StS^Sglu- 

studies o the 51 n i SSffi l°n^!o ^ 18 ^ l0 ? th ( f deve,op diab6tes akin t0 NlfiDM. The results of initial 
s udies of he 48 hr infusions of GLP^1 to aged rats has provided some provocative results Insulin secretion and 

te e t»5 KfSf 8 ( ° ral) m L heSe i 9ed .!: atS ' Several hours after the termination of the GLP-lin Hn was normal 

■mf^ct^ 6 X PUn9 ?L 6 months old rats with normal insulin secretion and glucose tolerance. Furt^^S im- 

nTp3nSS n H° f tf ) e P a 1 Cre ? S a «" d Rl t 0f extracts of P ancreas > insulin content increased by 2 fold com- 

S^^ZS^iSuSi^ 6 r eCt ' the , 48 ^ r ^ fusion of GLP " 1 conVerted tne glucose/irisdinphysiology 
9 . I impaired (diabetic) insulin secretion to that of normal young rats. Further preliminary measure- 

S?^f?n?r!i 0f Pr ° lferat ° f n °! P- ce,,s ! n reSponSe ,0 tne GLP - 1 i " fusions ' usin 9 immS ining of S pan- 
creas with an antiserum to proliferating nuclear antigen (PCNA). suggests a stimulation of proliferation These pre- 
liminary findings suggest the possibility that the long-term administration of GLP-1 may st mSTcelis neoqeSe- 
s.s and/or prol.ferat.on and raise the further possibility that the expression of the homeodoma n protein IDX-^or the 
E47 proteins may be upregulated to account for the increase in insulin production. Much more experimentation is 

KSff! tee P^'njnary findings (See D. Experimental Design and MethodsT^^^^^^^ 

ng to speculate that an eventual long-term treatment of diabetic subjects with GLP-1 may not only stimulate insu- 

enhS The 'iSSSS^^ suppress 9 ' uca9 ° n s ^ ^&S3jS SS 
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Abstract Deadline March 1, 1998 



A. Important 
The principal anthor affirms thai the material herin; 
DwOI act have been published as an article by September 19982) 
that if human subjects were exposed to risks iic< reqsired by their 
medical needs, the study was approved by an appropriate 
committee or, if no such committee was available and raformed 
consent was needed, it was obtained in accordance whh the 

and Guidelines for the Ptate^ofHai^ 
US Government Printing Offer. 1983-381-132:3205, or 3) any 
animal studies conform with nV'Guio^PttBc^mnV Care 
and Use of Animals" 




Author 



^ " submtood Youn 8 Investigator 




GLP-1 IS A TROPHIC FACTOR. 
J. M. Egan, J. Zhou, R. Perfetti, ILEfehL 
| NIA, Baltimore, MD.; MGH, Boston, MA. 

Glucagon-like-peptide-l (GLP-1) is a potential 
I candidate for the treatment of type 2 diabetics because 
[ it normalizes blood glucose levels. We have shown 
that GLP-1 increases intraislet insulin content in 
Wistar rats. This is accompanied by an increase in 
| mRNA of insulin, glucokinase and GLUT2 transporter. 
There is a 26% increase in pancreatic weight with 5 
| days of chronic subcutaneous treatment with GLP-1 . 
J To examine whether an increase in cell turnover occurs 
I during treatment with GLP-1 or a potent analog, 
I exendin-4, we used proliferation cell nuclear antigen 
(PCNA) as a marker for proliferation of cells. An 
[ increase in PCNA in the acinar portion of the pancreas 
and in the progenitor pancreatic cells in the ducts was 
observed. Furthermore there was a progression with 
I the greatest density in PCNA positivity observed in the 
smallest ducts to the lowest density in the largest ducts. 
Two days of treatment with GLP-1 (l.SpmoLkg'.min 1 ) 
or daily injection of exendin-4 (0.5 nmol/kg, IP) 
I resulted in glucagon containing cells in the ducts. 
After 6 days of treatment, positive staining for insulin 
! was observed in the smallest ducts as well as in small 
nests of cells within the acinar portion of the gland. 
We conclude that GLP-1 /exendin-4, similar to what 
has been shown for GLP-2 in the intestine, causes 
differentiation of progenitor pancreatic cells into cells 
containing glucagon and insulin. 
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is eligible for the Young Investigator Travel Award. 
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From: 



Lossky, Marie 



To: 



Habener, Joel F 



Cc: 



Subject: 
Sent: 



RE: New patent 
10/18/00 8:04 AM 



Importance: 



Normal 



Joel, 

Thanks for the fax. I'll have to get Marv involved in positioning IP protection around this so as not to throw off any of vour existina IP 



1 . Analyze GFP expresion during embryonic development and correlate the findings with results from immunohistochemical 
analyses of PDX protein levels in tissue sections from the same mice. 

2. Use the PDX/GFP and INS/LacZ transgenic mice in stides to determine the effects of islet growth factors, such as GLP-1 , on 
PDX and insulin gene expression in adult mice. 

3. Look for GFP expression in brain sections from PDX/GFP transgenic mice to corroborate and extend intitial findings of PDX 
expression in mouse brain. 

I should remind you that any patentable inventions or unpatentable results that you obtain using these animals are obligated to Gl's parent 
company, Amencan Home Products. This may not be an opportune time to enter into agreements that tie up pieces of your stem cell storv but 
of course the decision to do that is ultimately up to you. y ' 

Thanks. 
Marie 

Qlnvention Disclosure Form.lD+NCD.S.OO.doc 

Marie Lossky, PhD. 

Industry Agreement Associate 

Corporate Sponsored Research and Licensing, 

Massachusetts General Hospital 

tel: (617) 726-8629 

fax: (617) 726-1668 



— Original Message 

From: Habener, Joel F 

Sent: Tuesday, October 17, 2000 6:35 PM 

To: Lossky, Marie 

Subject: New patent 




Also, could you please expand/comment on your proposed use of the Gl mice? You mentioned in passing yesterday that you wanted to 
these animals in some of vour stem rell wnrk anH l am nnt cum \*/hi/-h f^n™.,;^ u i-..u:u: A A ^d- t^.z . . 




Hi! 



I just faxed the model and the idea of linking the various components of the idea together. 



Joel 
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Disclosure No: 



MGH INVENTION DISPl ngf.pr F ,.p M 



I TITLE OF INVENTION. 



4. 



\ Stimulation of IDX-1 expression and ^ cell" 

/^/vrr;/?^ aw/t, nri£ t lab, dept., and tel ext. 



neogenesis by GLP-1 



Joel F. Habener. MP 



Professor of Medicine 



_Laboratory of Molecular Endocrinology 



6 6950 



"S,°on FVNDS F0R ™ E «™"<:» ™™ tnsvuFM m the 



B. 



C. 



D 



Government Grant - Agency and fi^n* u» 



Private Industry - Name 



MGH 



Foundation 



Other - Explain 



DK 308 34^DK 30457 



Howard Hu ghes Medical 

Institute 



operation a„d the physical, cto^LSSMiri , t ^ ^"^ 
invention. Attach sketches, drawing i^Q^ ^1 ° f lhc 

pertinent manuscript which °' ph ° t0S ' ^ 

A. State in genera] terms the purpose and object of the invention. 

B. Describe the background of the invention and how ihc invention 
overcomes problem, that existed previously. ,nv enuon 




Describe the invention in detail, particularly pointing out novel features anH 
ennca! components. Include sketches, drawings, circuit diagrl " 
•nventjon relates to a new composition of matter, give the stru u n 
formulas for all novel compounds, the process for syntl^si.in, or X " 

ct'wThT' ^ aVai 'f 6 ChemiCa ' Bnd P^-al Vopertiet and at el 
data which show the ut.hty and efficacy of the compounds A codv o 

manusenpr of a draft including this information will usually be acceptable 



PUBLICATION, SALE OR USE OF THE INVENTION: 
A. Have you described your invention in a publication'' 



YHS 



NO 



X 



B If YES, give name and date of publication. 



D 



If NO, what plans do you have for publication in the ft 



ituie? 



Prepare a manuscript in 1-2 months 



Has your invention been used? When and under what 



circumstances? 



GLP-1 is und er development by NOVO NordisTTc" 
treat type 2 diabetic subjects"" 



E Stanc;:?" 0 " ^ ^ *' When ^ ^ ^ 




HISTORY OF THE INVENTION; 

A. When did you first think of (conceive) the 



invention? 



Date 



6/85 



J 



When did you first disclose your invention to another person? 
| Date 



6/85 



To Whom 



Heather Hermann 



C. 



l nf ^ WriUen dwcri P tinn or drawi "8 of your ,nv C n 
produced? Please attach photocopy of suc h writL description 



invention 



Date 



"N7T 



'J 



INTEHA CTI ONS WITH THIRD PARTIES: 

A MaSfr o r fl y C0 : in , Vent0 ^ ,isted » (2) above received Biolog.cal 
Maieruls from any mdustnaJ or academic source for use in the research 



B. 



Have you or any co-.nventor(s) listed in (2) above entered into or signed a 

Trf^T V T """I AgreCmem in Cxchan « c «" «*eivin„ any 
proprietary .nformat.on from a third party penaininy to the research which 
gave nse to the invention? If so, please describe briefly the subjee on 

aTIT" " S6CreCy Agreemem (S) ^ «" ch * « «S suon 





WTNESS(ES): Disclosed to and understood by 
MTE SIGNATURE 



4. Diabetes Mellitus affects approximately 16 million people in the USA (100 
million world-wide). Individuals with type 1 diabetes have lost their ability to 
produce insulin due to the immune destruction of their pancreatic P-cells, which 
secrete insulin. Individuals with type 2 diabetes have lost their ability to over- 
produce insulin to maintain euglycemia in the presence of insulin resistance. In 
both types of diabetes there is a marked reduction in the mass of p-cells in the 
pancreas. ^ 

It is believed that the endocrine panaceas (P-cells) are derived from 
progenitor cells in the ducts of the exocrine portion of the pancreas. 
Transcription factors have been identified that are involved in pancreatic 
development and the stimulation of insulin gene transcription. The expression 
of transcription factors is believed to be regulated by growth factors, otherwise 
known as hormones or morphogens. Glucagon-like peptide-1 is an intestinal 
hormone that is released in response to feeding and stimulates the P-cells to 
make and secrete insulin. GLP-1 is under development as a promising potential 
treatment for type 2 diabetes, because it stimulates the pancreas to make its own 
insulin and it does not over-stimulate insulin secretion because its actions shut 
off when the blood sugar drops to dangerous levels. In addition, GLP-1 is now 
known to control appetite and to induce individuals to loose weight. GLP-1 also 
augments insulin mediated uptake of glucose by the liver, skeletal muscle and 
adipose tissue, thereby improving insulin sensitivity. 

Now we find that GLP-1 stimulates the growth of new P-cells, the 
neogenesis of P-cells derived from the progenitor cells located in the ducts of the 
exocrine pancreas. GLP-1 also stimulates the expression of the transcription 
factor IDX-1 that appears to be responsible for the initial differentiation of 
precursors into p-cells and to regulate the expression of the insulin gene. 

Thus, we now have evidence that GLP-1 stimulates both the formation of 
new p-cells and stimulates existing p-cells to grow. 




Based on this new evidence, GLP-1 holds promise as a treatment for both 
type 1 and type 2 diabetes, because in both types of diabetes the progenitor cells in 
the ducts are unaffected and can be encouraged to develop and grow, and to 
restore the loss of p-cells mass by the administration of GLP-1. 

We have patents on GLP-1 and IDX-1, but it is unclear whether they 
address this newly discovered property of GLP-1 to induce IDX-1 and thereby to 
stimulate the growth of P-cells and the production of insulin. 



Massachusetts General Hospital 



Date: 
Fran: 



18-NOV-1997 11:03am GMT 
Glass, David J. 

Glass . David@M3i . HARVARD . EDUOlO 



Dept: 
Tel No: 



TO: Habener, Joel F 



( HABENERJ0A1 ) 



Subject: New Invention (New reference M2H 1277.0) 



Joel: 



I've reviewed the new invention you sent me at the end of October. I 
agree that it seems to overlap somewhat with your earlier patents, but 
it is not clear whether this new use would be patentable with respect to 
the earlier patents. I'm happy to send the new invention to one of our 
attorneys to answer this question, but I think there is a different 
threshold question. The new invention is a new use for GLP-1, and as 
such, can only be practiced by someone licensed under our GLP-1 patents 
(is this correct?) . If so, that means we effectively have only one 
potential licensee for this new invention, the Scios/Novo "team", and we 
should contact them about this new use before going too far down the 
road. Have you told anyone at either canpany about this new finding? 

Let's discuss how best to proceed. Thanks. 



David 



ATTACHMENT 



Massachusetts General Hospital 
73'* Street, Building 149. Suite J] 01 
Charlestown, MA 02129 
Tel.: 617-726-8608 




Fax.: 617-726-/668 

To: JO^j U0JbW& Fax: - g ?5 // 

Company: 



CC: Fax: 

Pro^Pdu/cf Date: ^/^# 



Page(s): including cover sheet 



□ Urgent □ For Review □ Please Comment □ Please Reply 

• Comments: 



This facsimile transmittal may contain mformation that is privileged confidential or exempt from disclosure under applicable 
law, and is intended for the use of ouly the individual or department to which it is addressed. If you arc not the intended 
recipient, please notify the sender immediately by telephone or lax at the above number, and destroy this {axed material 
immediately unless directed otiusnvise by the sender. Anyone other that the intended recipient is hereby notiGcd that any 
dissemination, disiribuiion or copying of this commitnicalion is strictly prohibited. 




DAVID J. GLASS. Ph.D. 
Associate Director for Patents 
OHice of Technology Affairs 



Telephone: (61 7) 725-5474 

Telefax: (617)726-1666 
E-mail: giass@helix.mgn.harvard.edu 



Julyl, 1998 



BY FACSIMILE 



Michele Cimbala, Esq. 
Sterne, Kessler, Goldstein and Fox 
1 1 00 New York Avenue, Suite 600 
Washington, DC 20005-3934 

Re: New Invention Disclosure 

Title: Stimulation of IDX- 1 Expression and p-Cell Neogenesis by GLP- 1 
Inventor: Joel Habener, M.D. 
MGHRef: 1277.0 

Dear Michele: 

Enclosed please find the above-captioned invention disclosure from Dr. Joel Habener, along with 
some e-mail correspondence from last fall and this week describing the invention and some 
current research of Dr. Habener's and others' that may be relevant thereto. 

It is not clear to me from this correspondence exactly what has been published by other groups 
(Dr. Habener has evidently not yet published his own research). However, Dr. Habener would like 
to explore the possibility of filing a new patent application on this invention, either as a stand- 
alone patent application or as a CP (or even a continuation or divisional?) to the MGH 213 series 
of cases that is still pending. Please briefly review this material, talk to Dr. Habener as may be 
necessary, and let me know what you think our options are with respect to a possible new patent 
filing. It is not necessary to do a search at this time, although a major concern for me is the impact 
of our prior patent applications on the patentability of this invention, and whether this might 
require that we claim priority from these earlier cases. 

Thank you very much. Please let me know if you have any questions. 



Sincerely, 




David J. Glass, Ph.D. 



Enclosure 



cc: 



Joel Habener, M.D. 



THE GENERAL HOSPITAL CORPORATION 
THE McLEAN HOSPITAL CORPORATION 



THE MGH INSTITUTE OF HEALTH PROFESSIONS. INC. 
THE MGH PROFESSIONAL SERVICES CORPORATION 



Tt_iee*n»t»t ai.ia npi.uon ititi^mi o^rniTAi ^AnriAn 



TMP MrtU UCAI TU CCOUirFC rftDDADATinM 



ggp& HARVARD 

MEDICAL SCHOOL 



Laboratory of Molecular Endocrinology 
55 Fruit Street,. WEL 320 
Boston, MA 02114-2696 

E-mail: jhabener@partners.org 
Tel: 617726.5190. Fax: 617.726.6954 



Tuesday, April 18, 2000 



Joel E Habener, M.D. 

Professor of Medicine 

Harvard Medical School 

Chief Laboratory or Moleciu.ir £■;.:»■.• "... : 

Massachusetts General Hesy:;.:; 

QmO P Y 



Marvin C. Guthrie, JD 

Executive Director for Patents and Licensing 

Office of Corporate Sponsored Research and Licensing 

CNY 149.1101 



RE : GLP-1 



Dear Marvin: 



Since the initial submission to you of the extended invention disclosure (October 28, 
1997, enclosed), there has been substantial new discovery on the actions of GLP-1 
agonists to promote the growth of new pancreatic P-cells and thereby to promote the 
production of insulin, relevant to the treatment of individuals who have diabetes 
mellitus due to a failure of the pancreas to produce insulin in amounts sufficient to meet 
the body's needs. 

The novel findings are that GLP-1 stimulates pancreatic stem cells to differentiate into 
insulin-producing B-cells and does so by stimulating the expression of the 
homeodomain transcription factor IDX-1 (also known as IPF-1 and PDX-1). GLP-1 is in 
development for the treatment of diabetes by Novo Nordisk, Eli Lilly, Glaxo Welcome, 
Novatis, and Bayer. The first generation GLP-1 drugs are scheduled for marketing in ' 
late 2002 - early 2003. The MGH holds 4-5 patents on GLP-1 for the treatment of 
diabetes, all of which expire in 2003, 17 years since the filing of the parent application in 
1986. This is the time to file a new patent to extend coverage for GLP-1. The estimated 
worldwide sales of GLP-1 in 2003 are $0.5 - 3.0 billion, depending upon market 
penetrance to displace the use of insulin. This could represent considerable royalty 
income to the MGH, if the MGH is appropriately positioned with regard to patent 
rights. 

At present, Stern, Kessler, Goldstein and Fox are dealing with the GLP-1 patents. 
Banner Witkoff is dealing with the patents on IDX-1 and stem cells. I propose that the 
OTA devise a strategy to combine these efforts to construct a new patent to propose 
GLP-1 stimulates pancreatic stem cells to differentiate into insulin-producing B-cells and 
does so by stimulating the expression of the B-cell-specific master regulator of pancreas 
development and of insulin gene transcription, IDX-1. 



Partners 



The new data relevant to the construction of a new patent application are: 



1. GLP-1 agonists stimulate the formation of new P-cells in the rat in vivo and 
prevent the occurrence of diabetes in the rat model of type 2 diabetes of partial 
pancreatectomy (Xu et al., Diabetes 48:270,1999). GLP-1 agonists stimulate the 
expression of IDX-1 (Staffers et al., Diabetes, in press, May 2000). Pancreatic islets 
contain pancreatic stem cells (Diabetes, in revision). Pancreatic duct cells contain stem 
cells that can become P-cells (Peck et al., Nature Medicine, April 2000). Delivery of IDX- 
1 to liver converts hepatic stem cells into p-cells that produce insulin (Ferber et al., 
Nature Medicine, May 2000). GLP-1 converts transformed human fetal islet cells into p- 
cells (Levine et al., in press). 

Much of this new fast-breaking information is in press. It is critically important to file a 
new patent application on GLP-1. I hope to receive a response from OTA ASAP. 



Sincerely yours, 




cc: David J. Glass, John T. Potts, Jr. 
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[ J H]TdR Labeling of Islet Cells #2 

Target cells 

^R4N 1046-3 8 n ils 7£ "pC - / 

Duplicates of everything 

Really confluent and not so confluent 

A. Conditioned media 

HAM INRIG9 - 24 hr. media from relatively confluent plates 

Run target cells overnight in 0.25% BSA and duplicate wells of cells in FBS 
(regular) media 



Remove media and add either: 

1. Conditioned mediaj? 

2. Normal fresh FBS media 

3. 0.25% BSA media 
24 hours later add: 

0.1 mCI (0.1 ml) 3 H TdR/ml 
? 0.05 mCI (0.05 ml) for 1 hr. 

B. G$S's 

GLP-I(7-37)10* 7 M 
GLP-II(1-33)10" 7 M 

Run target cells overnight in 0.25% BSA and duplicate wells of cells in FBS media 
Remove media 



Add back BSA media with: 



1. Nothing 

2. GLP-I(7-37)10" 7 M 

3. GLP-II(1-33)10" 7 M 

4. + regular media (No BSA) 



it left ist X2 hours later add 0.1 mCi/ml [^H]TdR for 1 hr. 
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3H-T<JR LABELING OF 1046-38 CELLS 

1. ' Grow cells on slides: 

3 control— media alone * Ui H vwn ^ 

■ e 

3 experimental -GLP-I (7-3?) 10-p>M 
2 experimental -GLP-I (7-37) 10-7 M 

2. Transfer to media containing 0.5% FBS and grow (incubate) for 24 hrs. 

3. Add GLP-K7-37) at 0, 10-& 10-7 M in bioassay buffer ),-0.25J5 BSA. 

4. Incubate 6-6 hours. 

5. Add 3H-TdR ca. 0.1 mCi per 1-2 ml. in £ uk»4* i k 

6. Remove 3K media, wash wells well, and fix for autoradiography. 
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